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Lithostratigraphy of the Calico Hills Formation and 
Prow Pass Tuff (Crater Flat Group) at 
Yucca Mountain, Nevada

By Thomas C. Moyer and Jeffrey K. Geslin

Abstract

Lithostratigraphic relations within the 
Calico Hills Formation and Prow Pass Tuff (Crater 
Flat Group) were reconstructed from analysis of 
core samples and observation of outcrop expo 
sures. Both formations are divided into informal 
lithostratigraphic units and subunits that can be 
traced throughout the Yucca Mountain region. 
Lithostratigraphic units, which have distinct 
lithologies or macroscopic physical characteris 
tics, have depositional boundaries. Subunits 
reflect more subtle variations and have contacts 
defined either by depositional features or other cri 
teria such as degree of welding.

The Calico Hills Formation is composed of 
five nonwelded pyroclastic units (each formed of 
one or more pyroclastic-flow deposits) that overlie 
an interval of bedded tuff and a basal volcanic las- 
tic sandstone unit. The pyroclastic units are distin 
guished by their matrix color, size and amount of 
pumice clasts, and size, amount, and type of lithic 
clasts. The composite apparent thickness of the 
Calico Hills Formation defines a south-trending 
paleovalley with an axis that lies east of Yucca 
Mountain.

The Prow Pass Tuff is divided into four 
pyroclastic units and an underlying interval of 
bedded tuff. The pyroclastic units of the Prow 
Pass Tuff are distinguished by the sizes and 
amounts of their pumice and lithic clasts and their 
degree of welding. The most widespread unit is a 
moderately welded tuff with a compound cooling 
history. The composite apparent thickness of the 
pyroclastic units defines a south-trending paleov 
alley with an axis that lies slightly west of the pale 
ovalley defined by the Calico Hills Formation.

Pyroclastic units of the Prow Pass Tuff are 
distinguished from those of the Calico Hills For

mation by their phenocryst assemblage, chemical 
composition, and ubiquitous siltstone lithic clasts. 
Geophysical logs generally cannot be used to dis 
tinguish lithologic units in either formation and are 
of limited use for identifying the formation con 
tact. Downhole resistivity tends to mirror the con 
tent of authigenic minerals, primarily zeolites, in 
both formations and may be useful for recognizing 
the vitric-zeolite boundary in the study area. Maps 
of zeolite distribution illustrate that the bedded tuff 
and basal sandstone units of the Calico Hills For 
mation are altered over a wider area than the pyro 
clastic units of both the Calico Hills Formation and 
the upper Prow Pass Tuff.

INTRODUCTION

Yucca Mountain in Nye County, Nevada, is 
being studied as a potential site for a high-level nuclear 
waste repository. The study area, which straddles the 
western boundary of the Nevada Test Site, includes 
land under the jurisdiction of the U.S. Department of 
Energy, U.S. Air Force, and Bureau of Land Manage 
ment. A thick section of Tertiary volcanic rocks overlie 
Paleozoic sedimentary strata in this region (Byers and 
others, 1976; fig. 1). The volcanic strata record the 
evolution of at least seven calderas that comprise the 
Timber Mountain-Oasis Valley caldera complex of the 
southwest Nevada volcanic field (Byers and others, 
1976; Sawyer and others, 1994).

The potential repository host rock is the volumi 
nous Topopah Spring Tuff, a Miocene ash-flow tuff 
that erupted from a source in the vicinity of the Claim 
Canyon caldera at approximately 12.8 Ma (Byers and 
others, 1976; Sawyer and others, 1994; table 1). The 
Calico Hills and Wahmonie Formations, which under 
lie the Topopah Spring Tuff, rest atop the Prow Pass 
Tuff of the Crater Flat Group (table 1). Zeolitic alter 
ation of the Calico Hills Formation and upper Prow 
Pass Tuff in the eastern part of the study area (for 
example, Bish and Vaniman, 1985) makes these forma-
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Figure 1. Simplified geologic map showing the distribution of major lithostratigraphic units in the Yucca Mountain area 
(modified from Frizzell and Shulters, 1990).
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Table 1. Summary of stratigraphic relations in the southwest Nevada volcanic field

Stratigraphic unit Age 
(Ma) Source

Paintbrush Group 
Tiva Canyon Tuff 
Yucca Mountain Tuff 
Pah Canyon Tuff 

Topopah Spring Tuff

12.7

Timber Mountain caldera complex

Claim Canyon caldera 
Claim Canyon caldera 
Uncertain 

12.8 Uncertain

Calico Hills Formation 
Wahmonie Formation

12.9 Calico Hills and Area 20
13.0 Wahmonie volcano

Crater Flat Group 
Prow Pass Tuff 
Bullfrog Tuff 
Tram Tuff

13.2

Silent Canyon caldera complex

Uncertain 
Area 20 caldera 
Prospector Pass caldera (?)

All data are from Sawyer and others (1994).

tions an important hydrologic and geologic barrier to 
radionuclide transport beneath the potential repository 
site (Broxton and others, 1993).

This report subdivides the Calico Hills Forma 
tion and Prow Pass Tuff into informal lithostratigraphic 
units, provides criteria to identify them in outcrops and 
boreholes, and describes their distribution in the Yucca 
Mountain vicinity. Not included in this report is a dis 
cussion of the Wahmonie Formation, which is recog 
nized in exposures at Busted Butte (Broxton and 
others, 1993) and Raven Canyon (Peterman and others, 
1993). Although primary deposits of the Wahmonie 
Formation have not been recovered in core samples in 
the Yucca Mountain area, the biotite-rich character of a 
volcaniclastic sandstone at the base of the Calico Hills 
Formation suggests that it may contain reworked 
Wahmonie Formation material.

The Calico Hills Formation is a series of rhyolite 
lavas and tuffs extruded after the Crater Flat Group 
caldera(s) formed at approximately 12.9 Ma (Chris- 
tiansen and others, 1977; Sawyer and others, 1994; 
table 1). Sawyer and others (1994) recently redefined 
the formation to include the contemporaneous and pet- 
rologically similar rhyolite lavas and tuffs of Area 20. 
Exposures of the Calico Hills Formation in upper 
Paintbrush Canyon and Fortymile Wash consist of five 
lava flows and domes that are interstratified with pyro- 
clastic and epiclastic deposits (Buesch and Dickerson, 
1993). Lava flows are present in drill cuttings recov 
ered from boreholes in Midway Valley (R. W. Spengler,

1993, written commun.), but are absent in cored bore 
holes within the potential repository site area. The Cal 
ico Hills Formation, which attains a thickness of mcre 
than 1,400 feet in the Calico Hills (Frizzell and 
Schulters, 1990), pinches out southward through the 
study area and is absent at Raven Canyon (Peterman 
and others, 1993).

The Prow Pass Tuff is a sequence of variably 
welded pyroclastic deposits that erupted from an uni 
dentified source between 13.0 and 13.2 Ma (Sawyer 
and others, 1994). Carr and others (1986a) cited gen- 
physical evidence to hypothesize a caldera source bur 
ied beneath basin-fill deposits in Crater Flat. However, 
Scott (1990) and Sawyer and others (1994) refuted tl ; s 
interpretation in favor of a caldera source north of 
Yucca Mountain. The Prow Pass Tuff was recently ele 
vated in stratigraphic status from member to formation 
by Sawyer and others (1994), and is the youngest fcr- 
mation of the Crater Flat Group (table 1). It is exposed 
in Prow Pass (Carr and others, 1986a), where it under 
lies tuffs of the Calico Hills Formation (Christiansen 
and Lipman, 1965) and at Raven Canyon, where it 
underlies the Wahmonie Formation (Peterman and 
others, 1993). The Prow Pass Tuff thins gradually 
southward across the potential repository site area frm 
greater than 540 feet in borehole USW G-2 
(Maldonado and Koether, 1983) to approximately 
300 feet at Raven Canyon (Peterman and others, 199?). 
A welded zone within the Prow Pass Tuff led most p^e- 
vious workers to conclude that it is a simple cooling
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unit (for example, Bish and others, 1981), but the more 
detailed analysis presented herein supports the com 
plex cooling history inferred by Scott and Castellanos 
(1984). Spengler and others (1979; 1981) divided the 
Prow Pass Tuff into three units; although a tripartite 
division subsequently was extended to other boreholes 
(for example, Maldonado and Koether, 1983; Scott and 
Castellanos, 1984), these early studies recognized 
lithostratigraphic units that are not correlative.

STUDY METHODS

Lithostratigraphic relations were reconstructed 
within the Calico Hills Formation and Prow Pass Tuff 
from studies of core samples recovered from bore 
holes USW G-l, G-2, GU-3, G-4, and UZ-14, and 
UE-25a #1, c#l, c#2, c#3, and UZ#16, and from obser 
vations of exposures at Prow Pass, Busted Butte, and

Raven Canyon. Preliminary observations were guided 
by previously published lithologic logs and outcrop 
descriptions (table 2).

Lithology is the principal criterion used to subdi 
vide the formations. Bedding features, clast size and 
sorting, and matrix character distinguish the nature of 
primary volcanic deposits (for example, pyroclastic 
flow or pyroclastic fall) from their secondary (redepos- 
ited) equivalents. Additional criteria used to define the 
lithostratigraphy included degree of weMing, second 
ary crystallization, alteration, pumice clast content and 
size, lithic clast content, size and lithology, matrix 
color, content, and composition, and prnnocryst 
assemblage and content. Visual estimates were made 
of the amounts of pumice clasts, lithic clasts, and phe- 
nocrysts using charts published by Kollmorgen Instru 
ments Corporation (1992). The phenocryst 
assemblage, alteration minerals, and secondary crystal-

Table 2. Summary of published data used in this report

Stratigraphy of Calico Hills Formation (Tac) and Prow Pass Tuff (Tcp)
Byers and others, 1976 (Tac, Tcp) Carr and others, 1986a (Tcp) 
Broxton and others, 1993 (Tac) Buesch and Dickerson, 1993 (Tac) 
Peterman and others, 1993 (Tcp) Sawyer and others, 1994 (Tac, Tcp)

Lithologic logs of drill core
Spengler and others, 1979 (U E-25a # 1) Spengler and others, 1981 (U SW-G-1) 
Byers and Warren, 1983 (UE-25J #13) Maldonado and Koether, 1983 (USW G-2) 
Scott and Castellanos, 1984 (USW G-3, GU-3) Spengler and Chornack, 1984 (USW G-4) 
Geldon, 1993 (UE-25c #1, c#2, c#3) Geslin and others, in press (UE-25 UZ#16)

Lithologic logs of drill cuttings
Craig and others, 1983 (USW H-6) 
Thordarson and others, 1984 (USW H-3) 
Whitfield and others, 1993 (USW UZ-6) 

Spengler, written commun., 1993 (UE-25 WT#3, #16, #17, #18; USW WT-1, -2, -7, -10) 
Petrographic descriptions, phenocryst mineralogy and geochemistry

Bentley and others, 1983 (USW H-5) 
Rush and others, 1984 (USW H-1) 
Whitfield and others, 1984 (USW H-4)

Bish and others, 1981 (USW G-l)
Caporuscio and others, 1982 (USW G-2)
Maldonado and Koether, 1983 (USW G-2)
Warren and others, 1984 (USW G-l)
Broxton and others, 1986 (USW G-2, G-3, GU-3, G-4)
Peterman and others, 1993 (UE-25a #1)

Sykes and others, 1979 (UE-25a #1)
Broxton and others, 1982 (USW G-2)
Byers and Warren, 1983 (UE-25J #13)
Scott and Castellanos, 1984 (USW G-3, GU-3)
Caporuscio and others, 1985 (USW G-l)
Broxton and others, 1989 (USW G-2, GU-3, G-4)
Peterman and others, 1994, written commun. (USW G-l, G-2, G-3, GU-3, G-4)

Alteration mineralogy
Bish and others, 1981 (USW G-1) Caporuscio and others, 1982 (USW G-2) 

Vaniman and others, 1984 (USW G-3, GU-3) Bish and Vaniman, 1985 (USW G-4; summary) 
Bish and Chipera, 1986(UE-25a#l, J#13: USW G-l)

Geophysical logs
Spengler and others, 1979(UE-25a#l) Mullerand Kibler, 1983 (USW G-l) 
Muller and Kibler, 1984 (USW G-4) Nelson and others, 1991 (compilation)
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lization textures were characterized with the aid of a 
hand lens or binocular microscope. The colors of pum 
ice clasts, lithic clasts, and matrix were described using 
Munsell color charts (Geological Society of America, 
1991; Kollmorgen Instruments Corporation, 1992). 
Diagenetic alteration has obscured the matrix and pum 
ice textures that help to define the degree of welding 
throughout much of the study area. Thus, the elonga 
tion (flattening) of pumice clasts was used to define 
welding zones. Non- to partially welded zones were 
visually identified by pumice clasts that are not highly 
elongated. Moderately or densely welded zones have 
visually deformed pumice clasts. The robustness of the 
visual estimates was corroborated by measuring pum 
ice shapes in the welded unit of the Prow Pass Tuff 
(unit 3) in three boreholes. Units visually identified as 
non- to partially welded have average pumice flatten 
ing ratios (long axis divided by short axis averaged for 
a minimum of
5 measurements) less than 4. In contrast, units identi 
fied as moderately or densely welded have average 
pumice flattening ratios greater than 4.

Both formations are divided into informal lithos- 
tratigraphic units and subunits that can be traced 
throughout the Yucca Mountain region. Lithologic 
units, which have distinct lithologies or macroscopic 
physical characteristics, have depositional boundaries. 
Subunits reflect more subtle variations (for example, 
lithologically similar flow deposits) and have contacts 
defined either by depositional features or other criteria 
such as degree of welding.

Previously published petrographic descriptions, 
X-ray diffraction data, chemical analyses, and geo 
physical logs (table 2) supplement our lithostrati- 
graphic observations of the Calico Hills Formation and 
Prow Pass Tuff and were used to evaluate whether our 
lithostratigraphic units can be identified from these 
data in noncored drill holes.

CALICO HILLS FORMATION

The Calico Hills Formation in the Yucca Moun 
tain region consists of rhyolite lava flows, pyroclastic- 
flow and fall deposits, and volcaniclastic sandstone. 
Five pyroclastic units, which are given informal 
numerical designations that increase from the base 
upward, overlie a bedded tuff unit and a basal sand 
stone unit. This section summarizes stratigraphic rela 
tions within the sequence of pyroclastic and 
volcaniclastic units that comprise the Calico Hills For 
mation beneath Yucca Mountain, examines vertical and 
lateral variations in their lithologic, geochemical, and 
geophysical properties, and defines criteria to recog 
nize the lithostratigraphic units defined herein. The

rhyolite lava flows, which are identified in drill 
cuttings in the northeastern part of Yucca Mountain 
(R.W. Spengler, 1993, written commun.) and exposed 
in the Calico Hills and Fortymile Wash regions (for 
example, Christiansen and Lipman, 1965; Buesch and 
Dickerson, 1993), are not included in this discussion.

Lithostratigraphic Unit Descriptions

The salient features of the Calico Hills Formr- 
tion lithostratigraphic units are summarized below. 
Appendixes 1 and 2 provide detailed descriptions of 
lithologic contacts and lithostratigraphic units. Tabh 3 
summarizes the lithostratigraphy of the Calico Hillr 
Formation, and table 4 gives the depths-to-unit con 
tacts and apparent unit thicknesses in cored boreholes.

The Calico Hills Formation is divided into seven 
lithostratigraphic units. Included are five pyroclastic 
units composed mostly of pyroclastic-flow deposits; an 
underlying bedded tuff unit composed primarily of 
pyroclastic-fall deposits with subordinate, primary, and 
reworked pyroclastic-flow deposits; and a basal sand 
stone unit that contains subordinate, reworked pyro 
clastic-flow deposits. Pyroclastic units are composed 
of one or more pyroclastic-flow deposits with similar 
macroscopic characteristics; flow deposits are sepa 
rated by locally preserved fall horizons. Pumice- and 
lithic-fall deposits, which separate the five pyroclastic 
units, are grouped arbitrarily with the superjacent pyro 
clastic unit. The five pyroclastic units described in this 
report may correlate to the five lava flows recognized 
in exposures of the Calico Hills Formation in Paint 
brush Canyon by Buesch and Dickerson (1993).

The pyroclastic units contain from 1 to 12 per 
cent phenocrysts of sanidine, quartz, and plagioclas^, 
with subordinate biotite and Fe-Ti oxide minerals. 
They contain lithic clasts that include devitrifed, com 
monly flow-foliated, felsic lava, pumiceous tuff, and 
obsidian. The lithostratigraphic units described herein 
are zeolitically altered (Caporuscio and others, 1982; 
Bish and Chipera, 1986); thus, matrix and pumice clast 
colors will differ in areas where the units have not be°;n 
zeolitized.

Units

Unit 5 is a grayish pink to orange pink, non- to 
partially(?) welded pyroclastic-flow deposit that vanes 
from 0- to 68-feet thick in the boreholes studied at 
Yucca Mountain. Pumice clasts constitute from 20 to 
30 percent of the unit and have a yellowish color that is 
similar to that of pumice clasts in units 4 and 2. Uni* 5 
is distinguished from other pyroclastic units by a bimo-

CALICO HILLS FORMATION



Table 3. Calico Hills Formation lithostratigraphy

Unit 5 - Non- to partially welded, pumiceous pyroclastic-flow deposit
Slightly elongated pumice clasts; bimodal distribution of pumice clast sizes; 20 to 30 percent pumice. Light colored prniice clasts; 
moderate reddish-orange to grayish-pink matrix. Base marked by thinly bedded fall deposits.

Unit 4 - Nonwelded, pumiceous pyroclastic-flow deposit
Volcanic lithic clasts are large (20 to 70 mm), isolated or in swarms; prominent clasts of moderate reddish-orange tuff. Light colored 

pumice clasts; very pale orange to grayish orange-pink matrix. Lithic-poor sections appear similar to unit 2. Base mrrked by a 
heterolithologic sequence, of fall deposits.

Unit 3 - Nonwelded, lithic-rich pyroclastic flow deposit
Lithic clasts comprise 5 to 10 percent, locally 10 to 30 percent (near the base and in several intervals within the unit); predominantly 
devitrified volcanic rocks with local obsidian. Grayish-orange to grayish-yellow or pinkish-gray matrix. The basal litHc-rich fallout is 
an excellent stratigraphic marker.

Unit 2 - Nonwelded, pumiceous pyroclastic-flow deposit
20 to 40 percent light colored pumice clasts; moderate pink or moderate orange-pink matrix. The fall deposit at the base of the unit 

contains porcelaneous ash layers.
Unit 1 - Nonwelded, lithic-rich pyroclastic-flow deposit

15 to 20 percent devitrified volcanic lithic clasts near base; lithics decrease upward to 3 to 7 percent. Light colored punice clasts; 
grayish orange-pink to light greenish-gray matrix; 7 to 12 percent phenocrysts.

Bedded tuff unit
Interbedded coarse-grained fallout deposits, pyroclastic-flow deposits (many reworked or with paleosols), and thinly bedded 
porcelaneous ash-fall deposits. Pyroclastic-flow deposits have 13 to 25 percent phenocrysts.

Basal sandstone unit
Massive to laminated, immature volcaniclastic sandstone; very pale orange to moderate red; medium to coarse grained; accumulations 
of argil lie pumice clasts and rare sedimentary structures including load casts, pinch and swell structures, and flame structures. Locally 
interbedded with reworked pyroclastic-flow deposits.

dal distribution of pumice clast sizes. Larger pumice 
clasts (20 to 60 mm) are slightly flattened (the flatten 
ing ratio is visually estimated at 3:1), whereas smaller 
clasts have diameters of 2 to 12 mm and equidimen- 
sional shapes. Lithic clasts of grayish-brown, devitri 
fied volcanic rock, mostly smaller than 10 mm, 
compose from 2 to 5 percent of the unit. The lower 
contact is a sequence of thinly bedded, fine-grained fall 
deposits that are less than 2-feet thick.

Unit 4

Unit 4 is a nonwelded, pumiceous pyroclastic- 
flow deposit that may be light gray, shades of grayish 
pink, or moderate orange pink. It has an apparent 
thickness that varies from 0 to 188 feet in the boreholes 
studied at Yucca Mountain. Pumice clasts, which com 
pose from 10 to 30 percent of unit, typically have diam 
eters of 15 to 30 mm and yellowish to white colors. 
Lithic clasts comprise only 1 to 5 percent of the unit but 
help to distinguish unit 4 from other pyroclastic units. 
Particularly distinctive are large (up to 70 mm) volca 
nic lithic clasts, mostly devitrified lava in shades of 
brown or gray, that occur in swarms or as isolated 
clasts, and clasts of reddish-orange, crystal-rich, pumi

ceous tuff. The latter compose approximately 10 to 
30 percent of the lithic population in unit 4 but are rare 
in units 3 and 2. Where lithic-poor, unit 4 can be con 
fused with unit 2 because they have simi'ar matrix and 
pumice clast colors. However, the underlying unit 3 is 
the most laterally extensive lithostratigrpohic unit in 
the Calico Hills Formation at Yucca MoMntain (see 
below) and provides stratigraphic contert that allows 
their differentiation. The base of unit 4 is marked by a 
heterolithologic sequence of thinly bedd~.d fall depos 
its, reworked pyroclastic-flow deposits, rnd tuffaceous 
sandstone that has an aggregate thickners of less than 
14 feet.

Units

Unit 3 is a nonwelded, lithic-rich pyroclastic- 
flow deposit that may be shades of very pale orange, 
grayish orange, orange pink, or grayish yellow. The 
apparent thickness of this unit varies from 72 to 
328 feet in the boreholes studied at Yucca Mountain. 
White, yellowish, or pinkish pumice clasts compose 
from 10 to 25 percent of the unit (locally 30 to 40 per 
cent near the upper contact). Unit 3 contains from 5 to 
10 percent lithic clasts, with localized zones in which

6 Lithostratigraphy of the Calico Hills Formation and Prow Pass Tuff (Crater Flat Group) at Yucca Mountain, Nevada
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lithic concentrations are from 10 to 50 percent. Lithic 
clasts are primarily devitrified lava in shades of 
blackish red, reddish brown, grayish brown, -and light 
gray. Subordinate, but distinctive, clasts of black 
obsidian, and rare clasts of reddish-orange tuff occur 
throughout the unit. Although the matrix color and 
pumice content and color of unit 3 are similar to those 
of unit 1, the units can be differentiated by their phe- 
nocryst contents (1 to 6 percent in unit 3 compared to 1 
to 12 percent in unit 1), and the presence of obsidian in 
unit 3. A lithic-rich fallout deposit at the base of unit 3 
is a marker horizon observed in core from all boreholes 
except USW GU-3. The fallout is less than 3-feet 
thick.

Unit 2

Unit 2 is a nonwelded, pumiceous pyroclastic- 
flow deposit that has a distinctive pink to orange-pink 
matrix. It has an apparent thickness that varies from 
0 to 178 feet in the boreholes studied at Yucca Moun 
tain. Pumice clasts compose from 20 to 40 percent of 
the unit, are typically smaller than 20 mm, and yellow 
ish, pale orange, or white. Lithic clasts are sparse 
(from 1 to 3 percent, locally 3 to 5 percent), mostly 
devitrified lava, and rarely reddish-orange tuff. Several 
thin (less than 0.5 feet) fallout deposits occur in the 
middle of unit 2. Fallout deposits at the base of unit 2 
are ash- rich, have a distinctive, porcelaneous appear 
ance, and are less than 3-feet thick.

Unitl

Unit 1 is a nonwelded, lithic-rich, pyroclastic- 
flow deposit that occurs in shades of pinkish gray or 
greenish gray. White- to pale greenish-yellow pumice 
clasts compose from 10 to 15 percent of the unit. It is 
from 0- to 191-feet thick in the boreholes studied at 
Yucca Mountain. The amount of lithic clasts increases 
downward from 3 to 7 percent near the top of the unit, 
to 15 to 20 percent near its base. Lithic clasts, mostly 
grayish-red or moderate brown, sparsely porphyritic 
lava, typically are smaller than 15 mm, but locally vary 
up to 60 mm. Phenocrysts generally compose from 7 
to 12 percent (locally 1 to 7 percent) of unit 1. The 
phenocryst content of unit 1 is lower than that of 
pyroclastic-flow deposits in the subjacent bedded tuff 
unit (10 to 25 percent), but is typically higher than in 
the overlying pyroclastic units.

Bedded Tuff Unit

The bedded tuff unit is a distinctive, complex 
stratigraphic package containing abundant coarse

grained fallout deposits and subordinate primary and 
reworked pyroclastic-flow deposits and ash-fall depos 
its. The unit varies in total apparent thickness from 30 
to 128 feet in the boreholes studied at Yucca Mountain. 
Interbedded pyroclastic-flow deposits typically are 
from 5- to 10-feet thick, contain abundant phenocrysts 
(10 to 25 percent) and are brown, clay-roh and (possi 
bly) reworked. This unit also contains thin, porcela 
neous ash-fall deposits.

Basal Sandstone Unit

The basal unit of the Calico Hills Formation is an 
immature, volcaniclastic sandstone that is from 0- to 
18-feet thick. This laminated to massive unit locally 
contains load casts, pinch and swell structures, and 
flame structures. It varies from very pah orange to 
moderate red, is medium- to coarse-grained, and poorly 
sorted, with abundant lithic clasts and svarms of argil- 
lically altered pumice clasts. Rare, interbedded pyro 
clastic-flow deposits are reworked, typicplly brown and 
clay-rich, with subrounded to subangular phenocrysts 
and pumice clasts.

Lateral Distribution and Regional Correlation

The lithostratigraphic units of the Calico Hills 
Formation were correlated through eight cored bore 
holes at Yucca Mountain (fig. 2). Outcrops of the Cal 
ico Hills Formation were examined at Prow Pass and 
Busted Butte (fig. 1) to investigate if the lithostrati 
graphic units could be identified in field exposures. 
Pyroclastic units 2 and 3 and the bedded tuff unit are 
present in all boreholes except USW GU-3 (see below). 
The basal sandstone and pyroclastic units 1,4, and 5 
are laterally discontinuous (fig. 2).

In borehole USW GU-3, the bedded tuff unit is 
overlain by vitric tuffaceous material. / Ithough 
mostly disaggregated, the brown, clay-ri^h appearance 
of these deposits suggests that they are r distal, 
reworked facies of the pyroclastic-flow deposits to the 
north. Abundant pumice clasts (Scott an'l Castellanos, 
1984) and glass shards that were not degraded to the 
point of destruction indicate minimal mechanical 
reworking and short transport distances. Obsidian 
lithic clasts in these deposits permit a tertative correla 
tion to pyroclastic unit 3, which contains obsidian 
clasts in USW UZ-14. However, it is also possible that 
this unit correlates to more than one pyriclastic unit.

The outcrop of Calico Hills Formation at Busted 
Butte (Broxton and others, 1993) is a sequence of 
poorly lithified, brown, clay-rich deposits that locally 
contain black obsidian clasts. It is similrr to the depos-

8 Lithostratigraphy of the Calico Hills Formation and Prow Pass Tuff (Crater Flat Group) at Yucca Mountain, Nevada
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its recovered from borehole USW GU-3 as described 
above and likely has a similar genesis. The basal sand 
stone unit, the bedded tuff unit, and pyroclastic units 4 
and 5 are recognized in zeolitically altered exposures at 
Prow Pass (Broxton and others, 1993).

Figure 3 is an isopach map of the composite 
apparent thickness of the Calico Hills Formation (the 
five pyroclastic units, bedded tuff, and basal sand 
stone). The figure utilizes data collected from cored 
boreholes (table 4) and is supplemented with thickness 
data from borehole logs produced from drill cuttings 
and observations of down-hole video. Apparent thick 
ness distribution maps of individual lithostratigraphic 
units were not constructed due to a paucity of data. The 
formation thickness map defines a paleovalley on the 
eastern edge of Yucca Mountain. Four boreholes in the 
northern part of the paleovalley contain lava flows 
(from north to south: UE-25 WT #6, UE-25 WT #16, 
UE-25 WT #18, UE-25 WT #4; R.W. Spengler, 1993, 
written commun.), indicating that the flow of lava was 
topographically controlled in this area.

Mineralogy, Geochemistry, and Alteration

Numerous workers have studied the mineralogy, 
geochemistry and alteration of the Calico Hills Forma 
tion (table 2). Phenocryst data collected by petro- 
graphic analysis and elemental data collected by X-ray 
fluorescence analysis were evaluated by lithostrati 
graphic unit. Bulk mineralogical compositions deter 
mined by semi-quantitative X-ray diffraction analyses 
document the types of alteration products within the 
Calico Hills units.

Phenocryst Mineralogy

Some lithostratigraphic units in the Calico Hills 
Formation can be differentiated by their phenocryst 
mineralogy. Figure 4 shows the percentage of felsic 
phenocrysts (as reported in Broxton and others, 1989) 
in each of the five pyroclastic units and the bedded tuff 
unit. The petrographic data are limited; no samples 
were analyzed from the basal sandstone and only one 
sample studied from pyroclastic units 4 and 5. Never 
theless, the felsic phenocryst content of the bedded tuff 
unit (13 to 24 percent) is markedly different from that 
of the pyroclastic units (less than 12 percent), and pyro 
clastic unit 1 (7 to 12 percent) is distinct from units 2 
through 5 (less than 7 percent). Visual estimates of 
mafic silicate phenocryst abundance indicate that the 
basal sandstone unit contains significantly more biotite 
than the overlying pyroclastic units.

Figure 5 is a plot of the proportions of quartz (Q), 
alkali feldspar (K) and plagioclase (P) (from Broxton 
and others, 1989) in the felsic phenocryst assemblage. 
The limited petrographic data define compositional 
fields that comprise the bedded tuff unit ar d pyroclastic 
unit 1; pyroclastic unit 2; and pyroclastic units 3,4, and 
5. Additional petrographic analyses are needed to 
determine if these three fields are robust.

Geochemistry

Elemental compositions determine-! by X-ray 
fluorescence analysis (Z.E. Peterman and others, 1994, 
written commun.) differentiate the basal sandstone 
unit, bedded tuff unit and the pyroclastic units. These 
data do not, however, distinguish the five pyroclastic 
units. Figure 6 illustrates the variable, bvt high Sr and 
low to moderate Rb concentrations of the basal sand 
stone that are distinct from the Sr and Rb concentra 
tions of most pyroclastic samples (3 of 46 pyroclastic 
samples overlap other fields). Samples collected from 
the bedded tuff unit have intermediate Sr and Rb abun 
dances. Figure 7 shows that samples of t>e basal sand 
stone have distinctly higher Ti than samples of the 
pyroclastic units. Pyroclastic unit 1 has variable Ti 
concentrations that overlap fields for the bedded tuff 
unit and pyroclastic units 2 through 5.

Alteration History

Zeolite minerals are restricted to four strati- 
graphic intervals at Yucca Mountain including the 
Calico Hills Formation and upper Prow Pass Tuff, 
which compose zeolite interval II (Vaniman and others, 
1984). X-ray diffraction analyses of core samples by 
Caporuscio and others (1982), Vaniman and others 
(1984), Bish and Vaniman (1985), and Bish and 
Chipera (1986), and of outcrop samples by Broxton 
and others (1993) show an abundance of authigenic 
zeolites in all units of the Calico Hills Formation. 
Pyroclastic units have extremely high cliroptilolite and 
mordenite contents (approximately 40 to 80 percent; 
Caporuscio and others, 1982; Vaniman and others, 
1984; Bish and Vaniman, 1985; Bish and Chipera, 
1986) that contrast with the somewhat Ic wer zeolite 
content of the bedded tuffs and basal sandstone.

The distribution of zeolitic alteration within the 
five pyroclastic units is depicted in figure 8A and 
within the bedded tuff and basal sandstone units in 
figure 8B. These figures illustrate that zeolite mineral 
ization is pervasive in the northern part of Yucca 
Mountain (Caporuscio and others, 1982; Bish and 
Vaniman, 1985; Bish and Chipera, 1986; Broxton and 
others, 1993), but absent in southern locations (USW

10 Lithostratigraphy of the Calico Hills Formation and Prow Pass Tuff (Crater Flat Group) at Yucca Mountain, Nevada
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from Broxton and others (1989).
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GU-3 and Busted Butte) where the Calico Hills Forma 
tion is vitric (Vaniman and others, 1984; Broxton and 
others, 1993). This distribution indicates that ground 
waters interacted extensively with the Calico Hills For 
mation in the northern part of the Yucca Mountain area 
(Vaniman and others, 1984). Differences in the amount 
of zeolites in the pyroclastic and bedded tuff units may 
be due to differences in their content of primary glass. 
Nevertheless, zeolites are more widely distributed in 
the bedded tuffs than in the pyroclastic units (fig. 8) 
suggesting slightly different alteration histories.

Geophysical Signatures

Geophysical logs from numerous boreholes that 
penetrate the Calico Hills Formation at Yucca Moun 
tain are compiled in Nelson and others (1991), who 
noted that density, porosity, resistivity, and magnetic 
susceptibility logs are most useful for correlating the

Calico Hills Formation. Figure 9 shows that contacts 
between pyroclastic units cannot be distinguished I y 
changes in geophysical character. However, the lo^s 
show distinct changes at the contact between the P;TO- 
clastic units (which have distinctively low measured 
values) and the bedded tuff unit, which is recognized 
by downward increasing density and magnetic suscep 
tibility, decreasing porosity, and resistivity that gener 
ally increases then decreases (fig. 9). The basal 
sandstone unit is distinguished by downward decreas 
ing density, resistivity and magnetic susceptibility, and 
increasing porosity (fig. 9).

The geophysical signatures of the Calico Hills 
Formation lithostratigraphic units primarily reflect 
their lithology and content of authigenic minerals [zeo 
lites, smectite, alkali feldspar and quartz; (Nelson ?nd 
others, 1991)]. The differing physical properties of 
nonwelded pyroclastic-flow material, crystal-rich fall 
out tephra and volcaniclastic sandstone likely expla ins 
the different density and porosity values of the pyro-
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Figure 9A. Geophysical logs compared to the lithostratigrapic units of the Calico Hills Formation. 
(A) Borehole USW G-1, (B) Borehole USW G-4, and (C) Borehole UE-25a #1. Geophysical logs 
and static water level are from Nelson and others (1991).
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Figure 9B. Geophysical logs compared to the lithostratigrapic units of the Calico Hills Formation. 
(A) Borehole USW G-1, (B) Borehole USW G-4, and (C) Borehole UE-25a #1. Geophysical logs 
and static water level are from Nelson and others (1991)--Continued.
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Figure 9C. Geophysical logs compared to the lithostratigrapic units of the Calico Hills Formation. 
(A) Borehole USW G-1, (B) Borehole USW G-4, and (C) Borehole UE-25a #1. Geophysical logs 
and static water level are from Nelson and others (1991)--Continued.
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Figure 10A. Mineralogy determined by X-rafy diffraction studies and electrical resistivity com 
pared to the lithostratigraphic units of the Calico Hills Formation. (A) USW G-1, (B) USW G-4. 
X-ray diffraction data for USW G-1 are from Bish and Chipera (1986), and data for USW G-4 
are from Bish and Vaniman (1985). Resistivity logs are from Nelson and others (1991).
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Figure 10B. Mineralogy determined by X-ray diffraction studies and electrical resistivity com 
pared to the lithostratigraphic units of the Calico Hills Formation. (A) USW G-1, (B) USW G-4. 
X-ray diffraction data for USW G-1 are from Bish and Chipera (1986), and data for USW G-4 
are from Bish and Vaniman (1985). Resistivity logs are from Nelson and others (1991) 
-Continued.
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clastic units, bedded tuff unit and basal sandstone unit 
that allow their distinction. As shown in figure 10, the 
resistivity of the Calico Hills Formation varies in 
response to both zeolite content, which is higher in the 
pyroclastic units, and to alkali feldspar and quartz con 
tent (both authigenic and allogenic), which is higher in 
the bedded tuff and basal sandstone units.

PROW PASS TUFF

Four pyroclastic units and an underlying interval 
of bedded tuff compose the Prow Pass Tuff in the 
Yucca Mountain region. The pyroclastic units are 
given informal numerical designations that increase 
from the base of the formation upward: unit 1 is a 
sequence of nonwelded, pumiceous pyroclastic-flow 
deposits; unit 2 is a sequence of lithic-rich pyroclastic- 
flow deposits; unit 3 is a welded pyroclastic-flow 
deposit that displays a compound cooling history; and 
unit 4 is a sequence of pyroxene-rich pyroclastic-flow 
deposits. This section summarizes the lithostratigra- 
phy of the Prow Pass Tuff in the Yucca Mountain area, 
examines vertical and lateral variations in its lithologic, 
geochemical, and geophysical properties, and defines 
criteria to identify the lithostratigraphic units described 
herein.

Lithostratigraphic Unit Descriptions

Outlined below are the salient features of the 
Prow Pass Tuff lithostratigraphic units. Appendixes 3 
and 4 provide detailed descriptions of lithologic con 
tacts and lithostratigraphic units. Table 5 summarizes 
the lithostratigraphy of the Prow Pass Tuff, and table 6 
gives the depths-to-unit and subunit contacts in cored 
boreholes.

Unit 4 contains three subunits, each composed of 
one or more pyroclastic-flow deposits, distinguished by 
the size and amount of included pumice clasts. Unit 3 
includes six subunits defined by changes in the degree 
of welding or the intensity of vapor-phase alteration. 
Locally preserved, interbedded ash-fall horizons and 
abrupt variations in the amounts and sizes of pumice 
and lithic clasts mark flow boundaries within unit 3. 
Unit 2 is a sequence of three or more pyroclastic-flow 
deposits that have not been subdivided due to an 
absence of distinguishing criteria. Unit 1 contains 
three pyroclastic-flow deposits that can be identified by 
their content of lithic clasts; the upper and lower sub- 
units may not be distinguished where the middle sub- 
unit is absent.

Units of the Prow Pass Tuff contain phenocrysts 
of sanidine and plagioclase in subequal amounts, sub

ordinate quartz, minor biotite, orthopyroxene (typi 
cally altered), and Fe-Ti oxides, and accessory 
hornblende, apatite, zircon, and allanite (Proxton and 
others, 1989). Although unit 4 contains more pyroxene 
(by visual estimate) than other Prow Pass Tuff units, 
the ratio of felsic to mafic phenocrysts commonly 
exceeds 20 in all units (Broxton and other-, 1989). 
Lithic clasts include siltstone, porphyritic felsic lava, 
phenocryst-poor felsic lava, biotite- and feldspar-bear 
ing tuff, and biotite-rich porphyry. Lithic clasts of sco- 
riaceous glass occur in unit 1.

Unit 4

The non welded deposits of unit 4 are altered to 
zeolite and clay minerals throughout most of the Yucca 
Mountain region, but are vitric in borehole USW GU- 
3 and in exposures at Raven Canyon and Pusted Butte 
(Broxton and others, 1993). They have ar aggregate 
thickness that varies from 12.6 to 67.1 feet in cored 
boreholes at Yucca Mountain (table 6). Subunit con 
tacts are marked by abrupt changes in the sizes and 
amounts of pumice clasts which grade over intervals of 
less than 1 foot. Several pyroclastic-flow deposits, sep 
arated by thin (less than 3 mm), ash-rich horizons, are 
present locally within the middle subunit (in borehole 
USW G-l). Multiple flows are not recognized in other 
subunits, although exposures of the lower subunit at 
Raven Canyon contain irregular accumulations of 
pumice, characteristic of the distal edges of pumiceous 
pyroclastic-flow deposits (Rowley and others, 1981).

The pinkish matrix of the upper subMnit (locally 
it occurs as a mottled mix with light olive g~ay) darkens 
in the upper few feet where alteration is more intense. 
Shard textures are absent in this subunit. Where 
altered, the matrix of the middle subunit is light gray to 
very pale orange with variably preserved shard tex 
tures; where vitric, it is pale orange-browr with color 
less glass shards. Altered samples of the lower subunit 
have variable matrix colors that include light shades of 
gray, orange, or pink. Vitric samples of the lower sub- 
unit contain colorless glass shards and hav0; matrix col 
ors that vary from very pale orange to orange-pink.

The size and amount of pumice clasts can be 
used to distinguish the subunits of unit 4. The upper 
subunit typically contains nondeformed, very small 
(less than 5 mm), sparse (3 to 10 percent) pumice 
clasts. In contrast, the middle subunit contains pumice 
clasts that are non- to slightly deformed, small (3 to 
12 mm), and moderately abundant (10 to 20 percent), 
whereas the lower subunit contains abundant (15 to 
25 percent), large (10 to 40 mm), nondefomed pumice 
clasts. Unique to the lower and middle subunits of 
unit 4 are pumice clasts with large (up to 3 mm) plagio-
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Table 5. Brief description of lithostratigraphic units of the Prow Pass Tuff

Unit 4 - Pyroxene-rich pyroclastic-flow deposits
Upper subunit - massive ash; pumice-poor; vitric, devitrified, or altered to clay and/or zeolite minerals.
Middle subunit - I to 4 flow units; pumice clasts are from 3 to 12 mm; vitric, devitrified, or altered to clay and/or zeolite minerals.
Lower subunit - 1 to 2 flow units; pumice clasts are from 10 to 40 mm; pyroxene common in pumice clasts; vitric, devitrified, or altered
to clay and/or zeolite minerals. The basal contact is a sharp break below which is intensely vapor-phase altered and devitrified tuf°.

Unit 3 - Welded pyroclastic-flow deposit
Strongly vapor-phase altered subunit - devitrified; intense vapor-phase alteration; corroded, nondeformed pumice clasts. 
Upper non- to partially welded subunit - devitrified; minor vapor-phase alteration; nondeformed pumice clasts. 
Upper moderately welded subunit - devitrified; minor vapor-phase alteration; deformed (elongated) pumice clasts. 
Middle non- to partially welded subunit - devitrified; minor vapor-phase alteration; nondeformed pumice clasts. 
Lower moderately welded subunit - devitrified; minor vapor-phase alteration; deformed (elongated) pumice clasts; locally oxidized and

argi 11ically altered. 
Lower non- to partially welded subunit - devitrified; minor vapor-phase alteration; nondeformed pumice clasts; oxidized and locally
altered to clay and/or zeolite minerals. The basal contact is a locally preserved ash-fall deposit that separates an overlying lithic-poor
pyroclastic-flow deposit from an underlying lithic-rich pyroclastic-flow deposit.

Unit 2 - Lithic-rich pyroclastic-flow deposits 
1 to 3 flow deposits; 3 to 7 percent lithic clasts; nondeformed pumice clasts (locally elongated); devitrified; pervasively altered to zecMte
and clay minerals. The basal contact is a locally preserved ash-fall deposit that separates an overlying pyroclastic-flow deposit with
moderately sized pumice clasts and abundant lithic clasts from an underlying pyroclastic-flow deposit with larger pumice clasts anl
fewer lithic clasts.

Unit 1 - Pumiceous pyroclastic-flow deposits 
Upper subunit - devitrified; pumice clasts are from 10 to 40 mm and nondeformed; I to 3 percent lithic clasts; pervasively altered to
zeolite minerals. 

Middle subunit - devitrified; pumice clasts are from 5 to 30 mm and nondeformed; 3 to 5 percent lithic clasts; pervasively altered to
zeolite minerals. 

Lower subunit - devitrified; pumice clasts are from 5 to 25 mm and nondeformed; 1 to 3 percent lithic clasts; pervasively altered to
zeolite minerals. The basal contact is depositional and separates an overlying pyroclastic-flow deposit from an underlying deposit of
laminated ash.

Bedded tuffs unit
Laminated ash subunit - thinly laminated fine-grained deposits that locally exhibit low-angle cross-stratification. 
Pumiceous tuffs subunit - A series of one to five locally preserved, nonwelded, variably altered deposits: upper pumiceous tuff,
reworked, pumice content of 20 to 70 percent, rare biotite; upper pyroclastic-flow deposit, 5 to 7 percent phenocrysts including
subordinate biotite, pyroxene pseudomorphs or hornblende, 3 to 5 percent lithic clasts; lower pyroclastic-flow deposit, 7 to 10 percent
phenocrysts including abundant biotite, 10 to 15 percent lithic clasts; lower pumiceous tuff, reworked, pumice content of 25 to
80 percent, abundant biotite; breccia, clasts of Bullfrog Tuff and locally other felsic volcanic lithologies. The Bullfrog Tuff is
recognized by abundant biotite and a higher percentage of quartz in the felsic phenocryst assemblage; it varies from nonwelded to
moderately welded at the contact.

PROW PASS TUFF 23



Table 6. Depths to Prow Pass Tuff contacts in cored boreholes

[Refer to figure 1 for borehole locations; n.p., unit is not present; depths in feet]

Calko Hills Formation

Prow Pass Tuff

USW G-2

2,704.7

USWUZ-14 USWG-1

1,750.2 1,799.0

USWG-4

1,762.7

UE-258 #1

1,832.2

UE-25UZ#16

1, 485. 1

USWGU-3

1,553.9

Unit 4 - Pyroxene-rich unit

Upper subunit
Middle subunit
Lower subunit

n.p.
n.p.
n.p.

1,761.5 1,814.3
1,768 1,832.0
1,814.9 1,862.5

1,785.0
1,790.7
1,793.6

1,835.0
1,837.6
1,845.1

n.p.
1,487.8
1,497.7

n.p.
1,559.5
1,601.0

Unit 3 - Welded pyroclastic-flow deposit

Strongly vapor-phase altered
Upper non- to partially welded
Upper moderately welded
Middle non- to partially
welded
Lower moderately welded
Lower non- to partially welded

n.p.
n.p.

2,772.9
2,777.0

2,956
2,963.7

n.p. 1,866.0
1,826.0 1,885.0
1,841 1,922.0
1,850 1,935.0

1,884.8 1,978.0
1,896.3 1,991

1,796.1
1,800.4
1,820.5
1,830

1,951.4
1,954.6

1,851
1,860
1,877
1,925

2,009
2,016.1

1,500.6
1,523
1,546
1,571

1,648
1,677.9

1,604
1,641.0
1,662.0
1,669.0

1,744.0
1,754.5

Unit 2 - Lithic-rich pyroclastic-flow deposit

3,048.9 2,007.3 2,073.9 2,050.3 2,105.8 1,686.2
Total depth

1,765.3

Unit 1 - Pumiceous pyroclastic-flow deposit

Upper flow unit
Middle flow unit
Lower flow unit

3,156.8
3,246.5

n.p.

2,046.6 2,154.9
n.p. n.p.
n.p. n.p.

2,192.6
2,229.5
2,238.0

2,277
2,331.4

n.p.

1,816.0
1,917.7
1,992.3

Pre-Prow Pass bedded tuff
Laminated ash
Reworked(?) deposits
Bullfrog Tuff

3,251.1
3,281.9

2,048.4 2,156.7
2,072.1 2,173.2

2,239.7
2,245.7

2,333.0
2,333.5

1,992.9
1,998.7
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clase crystals and common pyroxene. Vitric pumice 
clasts are grayish orange to pale yellowish brown; 
altered or devitrified pumice clasts are white, or shades 
of orange, pink, and red.

Phenocrysts comprise from 10 to 15 percent of 
the lower and middle subunits by visual estimate, but 
decrease upward through the upper subunit (from 5 to 
7 percent near the basal contact to 2 to 4 percent near 
the upper contact). The limited modal data compiled in 
Broxton and others (1989) suggest that phenocryst 
abundance may decrease upward through unit 4 
(fig. 11). Lithic clasts, predominantly siltstone with 
subordinate volcanic lithologies, are visually estimated 
at 1 to 2 percent in all subunits.

Unit3

The welded pyroclastic-flow deposits of unit 3 
exhibits subtle variations consistent with a compound 
cooling history. Measurements of pumice elongation 
in boreholes USW G-2 and UE-25 UZ#16 illustrate 
that a zone of less deformed pumice clasts separates 
two moderately welded subunits (fig. 12). The cooling 
break defined by pumice clasts between 10 and 30 mm 
(long dimension) can be identified visually in core, but 
pervasive devitrification and local alteration of the tuff 
matrix obscures textural evidence that could help to 
further clarify cooling history. Overlying and associ 
ated with the upper cooling zone is a region of inten 
sively altered rock consisting of coarse-grained vapor- 
phase minerals (the upper strongly vapor-phase altered 
subunit). Coarse-grained aggregates of vapor-phase 
minerals also are observed in pumice clasts in the upper 
part of the lower moderately welded subunit in some 
boreholes (USW G-1 from 1,935 to 1,960 ft depth) and 
indicate that a similar zone of vapor-phase alteration is 
associated with the lower cooling zone. However, sub 
sequent alteration obscures vapor-phase textures in 
samples of the lower welding zone from other bore 
holes. Importantly, it may be impossible to distinguish 
either the three non- to partially welded subzones from 
one another, or the upper and lower moderately welded 
subzones in samples lacking stratigraphic context.

Unit 3 has an aggregate thickness that varies 
from 128.5 to greater than 259.0 ft in cored boreholes 
at Yucca Mountain (table 6), the thickest portion of 
which is the lower moderately welded subunit. Multi 
ple flow deposits, either separated by locally preserved, 
thin (typically less than 10 mm thickness), ash-fall 
horizons or defined by abrupt variations in the amounts 
and sizes of pumice and lithic clasts, compose unit 3. 
Although two or three flow deposits are identified in 
most boreholes, they have not been correlated due to a 
lack of distinguishing characteristics. A depositional

break has not been identified between the cooling 
zones.

Devitrification and local vapor-phase alteration 
of the tuff matrix have destroyed shard textures 
throughout most of unit 3. The matrix typically is light 
gray or pale brown in the strongly vapor-phase altered 
subunit, light shades of gray, orange, brown, or rel in 
the three non- to partially welded subunits, and variable 
tints of gray, brown, or red in the upper and lower mod 
erately welded subunits. Although the matrix color of 
any given subunit varies as a function of oxidation, 
alteration, welding, and secondary crystallization, the 
lower moderately welded subunit is either darker or 
more red than other subunits. Alteration and oxidation 
of the tuff matrix within the lower part of the lower 
moderately welded subunit and in the lower non- to 
partly welded subunit impart a distinctive, mottled1 tex 
ture to the reddish rock created by white spots (5 to 
15 mm diameter) that enclose tiny (mm-sized), sil*- 
stone clasts with moderate orange-pink, fuzzy rims. 
This texture is useful for distinguishing the lower mod 
erately welded subzone where stratigraphic position is 
poorly constrained as in borehole UE-25c #2 frorr 
1,814 to 1,824 ft.

Variably deformed pumice clasts, in shades of 
pink, brown, or orange, are devitrified or replaced by 
vapor-phase minerals, and are corroded in the strongly 
vapor-phase altered subunit. They compose from 10 to 
20 percent of the unit by visual estimate. Most punice 
clasts contain sparse to rare phenocrysts; however, dis 
tinctive pale red, biotite-rich pumice clasts compose a 
few percent of the pumice population.

Phenocrysts constitute from 7 to 12 percent of 
unit 3 (Broxton and others, 1989). Variations in phe 
nocryst content do not correspond to observed deposi 
tional or welding boundaries. Lithic clasts of silts*one 
predominate those of volcanic lithologies in all sub- 
units. Visual estimates of lithic clast content, which 
vary from 1 to 4 percent (most commonly from 1 to 
2 percent), do not correspond to observed depositional 
or welding boundaries.

Unit 2

The nonwelded- to partially welded deposit? of 
unit 2 have an aggregate thickness that varies from 10.8 
to 111.0 feet in the cored boreholes at Yucca Mountain 
(table 6); it is absent in exposures at Raven Canyon. 
Although locally preserved ash horizons and abrupt 
changes in the amounts and sizes of pumice and lithic 
clasts indicate that at least three flow deposits occur in 
most boreholes, unit 2 has not been subdivided because 
distinguishing criteria are lacking. Grain size varia 
tions that occur in the upper part of unit 2 in bore! ole
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USW G-l may indicate intraflow shearing (Fisher and 
Schtnincke, 1984), whereas the fine-grained base of the 
deposit in boreholes USW G-l and USW G-2 may rep 
resent shearing along the substrate (Sparks, 1976). The 
similar sizes of pumice and lithic clasts and the pres 
ence of abundant phenocrysts impart a distinctive equi- 
granular texture to unit 2.

Altered and devitrified matrix occurs in shades 
of red, pink, or gray, whereas zeolitically altered matrix 
is yellowish gray to light olive gray. Non- to slightly 
deformed pumice clasts comprise from 10 to 20 per 
cent of the unit and may be devitrified or altered to 
vapor-phase minerals, clay or zeolite. Phenocrysts 
compose from 10 to 15 percent of the unit by visual 
estimate. Lithic clasts, predominantly siltstone with 
subordinate volcanic lithologies, constitute from 3 to 7 
percent of the rock. Lithic clasts are scattered through 
out the tuff matrix or concentrated in subvertical struc 
tures or irregular pods.

Unitl

The non- to partially welded pyroclastic-flow 
deposits of unit 1 are altered to zeolite minerals in all 
boreholes examined from Yucca Mountain, but they 
remain vitric or devitrified in exposures at Raven Can 
yon. They have an aggregate thickness that varies from 
82.8 to 227.0 feet in cored boreholes (table 6). Locally 
preserved ash-fall horizons separate three subunits that 
can be distinguished by their lithic clast contents. 
Abrupt variations in the sizes and amounts of pumice 
and lithic clasts define possible flow-unit boundaries 
within the subunits.

The three subunits are generally similar with a 
zeolitically altered matrix that occurs in shades of 
orange, brown, pink, yellow, or green. Vitric matrix is 
light gray to pink with colorless glass shards. Non- to 
slightly deformed pumice clasts, which are characteris 
tically large, compose from 15 to 25 percent of the unit. 
Pumice clasts altered to zeolite minerals are shades of 
brown, orange, yellow, green, or gray, whereas vitric 
pumice clasts are gray, white or pale orange. Phenoc 
rysts constitute from 7 to 12 percent of each subunit. 
Lithic clasts compose from 1 to 3 percent of the upper 
subunit, from 3 to 5 percent of the middle subunit, and 
from 2 to 3 percent of the lower subunit. Lithic clasts 
of siltstone predominate volcanic lithologies in the 
upper and lower subunits, but they occur in subequal 
amounts in the middle subunit.

Bedded Tuff Unit

This variable package of nonwelded, altered tuf- 
faceous deposits has an aggregate thickness of 2.1 to

35.4 feet in the cored boreholes at Yucca Mountain 
(table 6). Contacts are either depositional and sharp or 
gradational over short intervals. The most conspicuous 
and widespread subunit is a laminated ash deposit that 
underlies the Prow Pass Tuff. It is typically very pale 
orange, extremely fine grained, and locally contains 
low-angle cross laminations. Underlying the laminated 
ash is a pumiceous tuff that may be a reworked fall 
deposit, two pyroclastic-flow deposits separated by a 
fine ash, and a lower pumiceous tuff that f Iso may be a 
reworked fallout. One or more of these snbunits are 
absent in most locations. The upper pumiceous tuff 
and upper pyroclastic-flow deposit contair phenocrysts 
of sanidine, plagioclase, and quartz, with subordinate 
biotite, pseudomorphs of pyroxene, Fe-Ti oxides, and 
rare hornblende. The lower pyroclastic-f ow deposit 
and lower pumiceous tuff contain more abundant 
biotite and apparently lack pyroxene and hornblende. 
A thin (less than 2 feet), basal breccia containing angu 
lar clasts of Bullfrog Tuff and, locally, other volcanic 
lithologies occur in several locations.

Lateral Distribution and Regional Correlation

The distribution of the Prow Pass Tuff in the 
Yucca Mountain region is shown in figure. 13. The 
composite apparent thickness of the Prow Pass Tuff 
pyroclastic units forms a south-trending lobe that coin 
cides approximately with the western boundary of the 
Nevada Test Site. This interpretation is consistent with 
the distributions shown by Carr and others (1986a) for 
the Prow Pass Tuff and other formations of the Crater 
Flat Group.

Lithostratigraphic units and subunits of the Prow 
Pass Tuff can be correlated through the cored intervals 
of boreholes in the Yucca Mountain region (fig. 14), 
which emphasizes the lateral continuity cf the lithos- 
tratigraphic units defined herein. Figure 14 also illus 
trates the thickness variations of individual units. 
Noteworthy are the variable thickness of unit 1, the 
apparent southward thinning of unit 2, the continuity of 
the welding and crystallization subunits of unit 3, and 
the apparent eastward thinning of unit 4 (see fig. 13 for 
borehole locations). Lithostratigraphic re'ations within 
unit 3 in borehole USW G-2 indicate tha* the middle 
non- to partially welded subunit may pin~h out north 
ward as the unit thickens (fig. 12); this would produce 
the appearance of a single cooling unit.

Reconnaissance observations of Prow Pass Tuff 
exposures at Raven Canyon and in Prow Pass support 
conclusions drawn from the borehole studies and illu 
minate aspects of the lateral distribution of the Prow 
Pass Formation. Units 1,3, and 4 are present at

28 Lithostratigraphy of the Calico Hills Formation and Prow Pass Tuff (Crater Flat Group) at Yucca Mountain, Nevada
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Raven Canyon. Unit 1, approximately 64-feet thick 
(Z.E. Peterman and others, 1994, written commun.), is 
nonwelded, vitric (the upper several feet are devitri- 
fied), and overlain by a pinkish ash-fall deposit. Unit 3 
contains only one moderately welded subunit (the 
lower subunit) in this location, where the degree of 
welding is considerably less than beneath Yucca Moun 
tain. The strongly vapor-phase altered subunit caps 
approximately 180 feet (Z.E. Peterman and others, 
1994, written commun.) of unit 3 in this locale. 
Unit 4 maintains a substantial thickness (60 feet; 
Z.E. Peterman and others, 1994, written commun.) 
near its distal reaches in Raven Canyon. The Prow 
Pass Tuff overlies reworked, sandy, tuffaceous material 
at Raven Canyon.

The lithostratigraphic units of the Prow Pass Tuff 
are less distinct in exposures at Prow Pass, where the 
tuff is devitrified and partially- to densely welded. The 
formation contains sparse lithic clasts, predominantly 
of volcanic lithologies with subordinate siltstone. Out 
crops of welded tuff near the base of the Prow Pass Tuff 
exposures are reddish gray with a mottled appearance 
texture that is typical of the lower non- to partly welded 
subunit of unit 3 in the Yucca Mountain region. Expo 
sures higher in the stratigraphic section are altered by 
vapor-phase crystallization. Two erosionally resistant 
ledges that occur within the Prow Pass Tuff suggest 
that two cooling units are present in this locale. The 
field relations indicate that only unit 3 occurs at Prow 
Pass, where it overlies reworked deposits (possibly 
equivalent to unit 2) and laminated deposits of coarse 
ash.

Mineralogy, Geochemistry, and Alteration

The mineralogy, geochemistry, and alteration 
history of the Prow Pass Tuff have been studied by 
numerous authors (table 2). This section examines 
their data to define criteria that may help to identify the 
Prow Pass Tuff lithostratigraphic units.

Phenocryst Mineralogy

The Prow Pass Tuff has a phenocryst assemblage 
dominated by sanidine, plagioclase, and quartz, with 
subordinate biotite, orthopyroxene, and Fe-Ti oxides, 
and accessory hornblende, apatite, allanite, and zircon. 
Ferruginous orthopyroxene and extremely embayed 
quartz are distinguishing characteristics of the phenoc 
ryst assemblage (Broxton and others, 1989).

Figures 15 and 16 show the modal data compiled 
in Broxton and others (1989) plotted using the lithos 
tratigraphic units from this report. The limited data

suggest that units 2 and 3 have slightly more phenic- 
rysts than units 1 and 4. Phenocryst contents tend to 
decrease toward the lower and upper contacts of tH 
Prow Pass Tuff (fig. 11). Sanidine and plagioclase, 
occurring in subequal amounts, dominate quartz in the 
phenocryst assemblage, with the proportion of qurrtz 
lowest in unit 1. Mafic phenocrysts comprise less than 
1 percent of the rock in analyzed samples from all units 
(Broxton and others, 1989).

Geochemistry

The Prow Pass Tuff has a rhyolitic composition 
(Broxton and others, 1986) that is notably uniform in 
unaltered sections (Broxton and others, 1986; Peter 
man and others, 1993), but that is widely variable 
where altered to secondary minerals (Broxton and oth 
ers, 1986; Peterman and others, 1993). Figure 17, 
which shows data collected from borehole sampler' at 
Yucca Mountain, illustrates the restricted composi 
tional range of unit 3 when compared to other Prow 
Pass Tuff units. This compositional range is consistent 
with the composition of a vitric sample of unit 4 from 
borehole USW GU-3 (Broxton and others, 1986), and 
with the average composition of unaltered Prow Pass 
Tuff samples from Raven Canyon (Peterman and oth 
ers, 1993). Presumably, the geochemical composition 
of unit 3 remains close to pristine values because weld 
ing and devitrification destroyed primary glass, thus 
inhibiting secondary mineral growth and the mobiliza 
tion of silica, magnesium, and the alkali, alkali-earth, 
and high-field strength elements in a geochemicallv 
open system (Broxton and others, 1986; Peterman and 
others, 1993).

Figure 18 compares downhole geochemistry to 
lithostratigraphy in two boreholes. Particularly strik 
ing are the low Ca and Sr content, and high Ba/Ti and 
K/Ca of unit 3. Although these diagrams suggest that 
unit 3 may be identified from geochemical analysis of 
borehole cuttings, the compositional similarity of the 
remaining units emphasizes that whole-rock geochem 
istry is an unreliable indicator of lithostratigraphy (for 
example, compare the Sr content of unit 1 in boreholes 
UE-25a #1 and USW G-4).

Alteration History

Studies of secondary alteration, conducted at Los 
Alamos National Laboratory (table 2), define two inter 
vals of zeolite (clinoptilolite and mordenite) alteration 
within the Prow Pass Tuff. Figure 8c depicts the gen 
eral distribution of the upper interval, designated a* 
zeolite interval II by Vaniman and others (1984), wlich 
is confined to lithostratigraphic unit 4 of the Prow Fr^s
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Quartz

Prow Pass Tuff 
D unit 4 
O unit 3 
A unit 2 
  unit 1

Alkali Feldspar Plagioclase

Figure 15. Triangular plot of the proportions of quartz, sanidine, and plagioclase phenocrysts 
in the felsic phenocryst assemblage of the Prow Pass Tuff. Data are from Broxton and others 
(1989).

Tuff and to the overlying Calico Hills Formation 
beneath Yucca Mountain. Zeolite interval II pinches 
out toward the southwest where unit 4 is vitric and 
unaltered (for example, borehole USW GU-3). The 
lower interval, designated zeolite interval El by 
Vaniman and others (1984), occurs within units 1 and 
2 in all studied boreholes, but is absent in the Raven 
Canyon area where unit 1 is vitric. Thus, the only Prow 
Pass unit unaffected by zeolite alteration is unit 3, 
which is devitrified and variably welded. The lithos- 
tratigraphy, therefore controls the distribution of zeo 
lite minerals in the Prow Pass Tuff, insofar as units that 
were not welded or devitrified were variably altered\by 
ground water that converted siliceous glass to authi- 
genic zeolite (Bish and Vaniman, 1985).

The Prow Pass Tuff largely is unaffected by 
smectite alteration (for example, Bish and Vaniman, 
1985). Smectite abundance, as determined by semi- 
quantitative X-ray diffraction, is less than 5 percent, 
except in a few samples from unit 2 that contain argil- 
lically altered pumice clasts.

Geophysical Signatures

Nelson and others (1991) compiled geophysical 
logs from boreholes at Yucca Mountain and found that 
gamma, resistivity, and magnetic logs contain informa 
tion useful for distinguishing parts of the Prow Pass 
Tuff. In theory, density, porosity, and res^tivity logs 
should distinguish the welded subunits of unit 3 from 
the remaining nonwelded deposits that compose the 
Prow Pass Tuff. However, resistivity also is sensitive 
to alteration (Nelson and others, 1991), which forms 
hydrous minerals and affects rock density by eliminat 
ing pore space.

Geophysical logs were compared to lithostrati- 
graphic divisions to investigate whether units have 
unique geophysical signatures (fig. 19). Density and 
porosity profiles for boreholes USW G-1 and 
USW GU-3 depict slightly higher density and lower 
porosity in unit 3 than in other units, but tve variations 
are subtle and inconsistent (compare USW G-2). How 
ever, vitric zones in USW GU-3 are distirmiished by 
lower density and higher porosity. Other lithostrati-

32 Lithostratigraphy of the Calico Hills Formation and Prow Pass Tuff (Crater Flat Group) at Yucca Mountain, Nevada
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Figure 16. Histograms of phenocryst content and quartz as a percentage of the felsic 
phenocryst population plotted by Prow Pass Tuff lithostratigraphic unit. Note the 
slightly lower phenocryst contents of units 1 and 4 and the lower quartz content of 
unit 1. Data are from Broxton and others (1989).
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Figure 18A. Geochemistry plotted versus depth compared to lithostratigraphic units of the 
Prow Pass Tuff. (A) Borehole UE-25a #1; (B) Borehole USW G-4. X-ray fluorescence data are 
from Z.E. Peterman and others, written commun. (1994). Stratigraphic symbols as in figure 14. 
Static water level from Nelson and others (1991).
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Figure 18B. Geochemistry plotted versus depth compared to lithostratigraphic units of the 
Prow Pass Tuff. (A) Borehole UE-25a #1; (B) Borehole USW G-4. X-ray fluorescence data 
are from Z.E. Peterman and others, written commun. (1994). Stratigraphic symbols as in 
figure 14. Static water level from Nelson and others (1991)-Continued.
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Figure 19A. Geophysical logs compared to Prow Pass Tuff llthostratigraphy. (A) Borehole USW G-1; (B) Bore 
hole USW G-2; (C) Borehole USW GU-3. Geophysical logs are from Nelson and others (1991). Stratigraphic 
symbols as in figure 14. Static water level from Nelson and others (1991).
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Figure 19B. Geophysical logs compared to Prow Pass Tuff lithostratigraphy. (A) Borehole USW G-1; 
(B) Borehole USW G-2; (C) Borehole USW GU-3. Geophysical logs are from Nelson and others (1991). 
Stratigraphic symbols as in figure 14. Static water level from Nelson and others (1991)--Continued.
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Figure 19C. Geophysical logs compared to Prow Pass Tuff lithostratigraphy. (A) Borehole USW G-1; (B) Bore 
hole USW G-2; (C) Borehole USW GU-3. Geophysical logs are from Nelson and others (1991). Stratigraphic 
symbols as in figure 14. Static water level from Nelson and others (1991)-Continued.
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graphic contacts are not recognized on geophysical 
logs. In the absence of other data, geophysical logs 
cannot be used to subdivide the Prow Pass Tuff.

Resistivity logs commonly show breaks that 
approximate the upper and lower contacts of unit 3, 
which is recognized as a more resistive unit. Figure 20 
shows alteration mineralogy (determined by semi- 
quantitative X-ray diffraction) plotted with downhole 
resistivity and lithostratigraphy. The inverse correla 
tion between the amount of zeolite minerals and the 
electrical resistance of the upper Prow Pass units sup 
ports the contention of Nelson and others (1991) that 
alteration forms a recognizable signature on electrical 
resistivity logs. The effects of alteration also can be 
seen by contrasting resistivity logs of vitric and zeolit- 
ically altered unit 4 in boreholes USW GU-3 and 
USW G-l (figs. 19A and C).

IDENTIFICATION OF FORMATION 
CONTACTS

A variety of criteria distinguish the lithostrati- 
graphic units of the Calico Hills Formation from those 
of the Prow Pass Tuff, the most prominent being the 
ubiquitous siltstone clasts and pseudomorphic orthopy- 
roxene of the Prow Pass Tuff. Figure 21 illustrates that 
the two formations also have different amounts of phe- 
nocrysts, proportions of quartz in the phenocryst 
assemblage, and chemical compositions. Moreover, 
the studies of Broxton and others (1989) show that the 
Prow Pass Tuff has feldspar phenocrysts that are more 
sodic than those in the Calico Hills Formation. 
Although the geophysical character of the Calico Hills 
Formation pyroclastic units is distinct from that of the 
underlying Prow Pass Tuff, the formation contact is 
difficult to accurately locate from geophysical logs 
because the signatures of the Calico Hills Formation 
bedded tuff and basal sandstone units are intermediate 
to those of the over- and underlying pyroclastic units. 
Nelson and others (1991) cite evidence for a persistent 
decrease in the magnetic field at the top of the Prow 
Pass Tuff that may serve as a useful geophysical 
marker of the formation contact; however, we did not 
evaluate the accuracy of this marker.

The Calico Hills and Topopah Spring Forma 
tions are distinguished by their mineralogy, chemistry, 
and geophysical character. Lithostratigraphic units of 
the Calico Hills Formation have phenoc~yst assem 
blages with a higher proportion of quartz than units of 
the lower Topopah Spring Tuff, despite similar phenoc 
ryst contents (Broxton and others, 1989). In addition, 
the Calico Hills Formation has feldspar phenocrysts 
that are less sodic than those of the Topopah Spring 
Tuff (Broxton and others, 1989). Peterman and others 
(1993) show that the units of the Calico Hills Forma 
tion typically have higher Ca and Ba contents than the 
rhyolite of the Topopah Spring Tuff. These formations 
experienced different welding and alteration histories 
that produced distinctive geophysical characteristics 
(Nelson and others, 1991). Nevertheless gradual 
changes in the density, resistivity, magnetic suscepti 
bility, and porosity within the lower non- to partially 
welded units of the Topopah Spring TuF preclude 
accurate geophysical identification of this formation 
contact (fig. 9).

The Prow Pass and Bullfrog Tuffs can be differ 
entiated by their phenocryst assemblage, bulk chemis 
try and, to some extent, their geophysicr 1 character. 
Units of the Prow Pass Tuff contain pseudomorphic 
orthopyroxene and variable, but general';', subequal 
amounts of biotite. In contrast, the Bullf-og Tuff lacks 
pyroxene, contains abundant biotite, anc* has slightly 
more quartz and less sodic feldspar than the Prow Pass 
Tuff (Broxton and others, 1989). Peterrr an and others 
(1993) demonstrate that the Bullfrog Tuff has a lower 
initial Sr isotopic composition and higher concentra 
tions of Ca, Sr, Ba, Ti and Zr than the Prow Pass Tuff. 
Although the geophysical character of these formations 
appears distinct on many logs (Nelson and others, 
1991), the formation contact typically does not coin 
cide with marked changes in geophysicrl parameters 
(fig. 19), possibly owing to the variable character of the 
bedded tuffs that separate the formations and to the 
inconsistent degree of welding of the Bullfrog Tuff 
beneath the contact.
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Figure 20A. Comparison of alteration mineralogy, resistivity, and Prow 
Pass Tuff lithostratigraphy. (A) Borehole USW G-1; (B) Borehole 
USW G-2; (C) Borehole UE-25a #1. Resistivity logs are from Nelson and 
others (1991). Mineralogical data by semi-quantitative X-ray diffraction are 
from Bish and Chipera (1986) for figures A and C and from Caporuscio and 
others (1982) for figure B. Stratigraphic symbols as in figure 14.

IDENTIFICATION OF FORMATION CONTACTS 41



Depth
(feet)

Prow Pass Tuff 
USW G-2
Resistivity

: clinoptilolite Short
Induction

= smectite
Geologic Unit

2700 =

2800 -

2900 -

3000 -

3100 -

3200 -

3300 -

0 50 
percent

1 10000 
ohm-m

Figure 20B. Comparison of alteration mineralogy, resistivity, and Prow 
Pass Tuff lithostratigraphy. (A) Borehole USW G-1; (B) Borehole 
USW G-2; (C) Borehole UE-25a #1. Resistivity logs are from Nelson 
and others (1991). Mineralogical data by semi-quantitative X-ray dif 
fraction are from Bish and Chipera (1986) for figures A and C and from 
Caporuscio and others (1982) for figure B. Stratigraphic symbols as in 
figure 14--Continued.
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Figure 20C. Comparison of alteration mineralogy, resistivity, and Prow Pass Tuff 
lithostratigraphy. (A) Borehole USW G-1; (B) Borehole USW G-2; (C) Borehole 
UE-25a #1. Resistivity logs are from Nelson and others (1991). Mineralogical data 
by semi-quantitative X-ray diffraction are from Bish and Chipera (1986) for figures A 
and C and from Cappruscio and others (1982) for figure B. Stratigraphic symbols 
as in figure 14--Continued.
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Figure 21. Comparison of the Calico Hills Formation and Prow Pass 
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versus percentage of total phenocrysts. Data are from Broxton and 
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CONCLUSIONS

The Calico Hills Formation and Prow Pass Tuff 
are divided into informal lithostratigraphic units that 
correlate throughout the Yucca Mountain region. The 
Calico Hills Formation contains five pyroclastic units, 
separated by fallout deposits, that overlie an interval of 
bedded tuff and a basal sandstone unit. The Prow Pass 
Tuff contains four pyroclastic units, including a welded 
unit with a complex cooling history, that overlie an 
interval of bedded tuff.
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APPENDIX 1. DESCRIPTION OF 
CALICO HILLS FORMATION 
LITHOSTRATIGRAPHIC CONTACTS

These criteria are used to identify the basal con 
tacts of lithostratigraphic units within the Calico Hills 
Formation. It may help readers unfamiliar with the 
Calico Hills Formation to read upward from the strati- 
graphically lowest unit (basal sandstone to unit 5). The 
Calico Hills Formation described herein is zeolitically 
altered; therefore, the colors given may not apply to 
areas where the formation remains vitric.

Pre-Topopah Spring Tuff Bedded Tuff - 
Calico Hills Formation

A sharp, depositional contact above which is a 
well-sorted, pumiceous fallout deposit composed of 
pumice clasts that are from 2 to 5 mm diameter. Pyro- 
clastic deposits of the Calico Hills Formation (units 5, 
4, or 3 in the Yucca Mountain region) occur below the 
contact.

Unit 5 - Unit 4

A sharp, depositional contact above which is a 
series of thinly bedded, fine-grained (less than 2 mm), 
fall deposits. This interval ranges in thickness from 
1.8 feet (in USW G-4) to 0.5 feet (in USW G-2). Over 
lying the fall deposits is a non- to partially welded, 
pumiceous pyroclastic-flow deposit that contains from 
20 to 30 percent large, slightly flattened, yellowish- 
gray to very pale orange pumice clasts in a moderate 
reddish-orange to grayish-pink matrix.

Unit 4 - Unit 3

A sharp, depositional contact above which is a 
heterolithologic sequence of thinly bedded fall depos 
its, reworked pyroclastic-flow deposits, and tuffaceous 
sandstone. A distinctive, lithic-rich fall deposit in this 
interval was identified in core from all four boreholes 
where the unit is present. This interval ranges in thick 
ness from 14.2 feet (in USW G-2) to 0.2 feet (in 
UE-25 UZ #16). Overlying these deposits is a non- 
welded, pumiceous pyroclastic-flow deposit with a 
very pale orange to grayish-orange pink matrix that 
encloses from 10 to 30 percent yellowish-gray, light 
greenish-gray, or very pale orange pumice clasts. 
Present throughout the unit are large (20 to 70 mm),

isolated clasts of volcanic rock (rarely i s accumula 
tions of several clasts).

Unit 3 - Unit 2

A sharp, depositional contact above which is a 
distinctive, lithic-rich (30 to 40 percent) fall deposit 
containing devitrified, blackish-red or grayish-black, 
volcanic lithic clasts. This fall deposit, which varies in 
thickness from 4.8 feet (in USW G-2) to 1.1 feet (in 
USW UZ-14), underlies a nonwelded, lithic-rich, pyro 
clastic-flow deposit that contains from 10 to 30 percent 
devitrified volcanic lithic clasts in an interval near the 
base and in several intervals throughout the unit, and 
typically from 5 to 10 percent elsewhere. Obsidian 
lithic clasts occur locally in the pyroclastic-flow 
deposit (for example in USW UZ-14). The pyroclastic- 
flow deposit has a grayish-orange to grayish-yellow or 
pinkish-gray matrix.

Unit 2 - Unit 1

A sharp, depositional contact above which are 
thinly bedded fall deposits, including several ash-fall 
deposits with distinctive, porcelaneous textures. The 
thickness of the fallout interval varies from 4.8 feet 
(in USW G-2) to 1.0 feet (in USW UZ-14). Overlying 
the fallouts is a nonwelded, pumiceous pyroclastic- 
flow deposit with a moderate pink or moderate orange- 
pink matrix and 20 to 40 percent very pale orange, pale 
yellowish-orange or white pumice clasts.

Unit 1 - Bedded Tuff Unit

A sharp, depositional contact above which is a 
nonwelded, lithic-rich, pyroclastic-flow deposit with a 
grayish-orange pink to light greenish-gray matrix. The 
content of devitrified volcanic lithic clasts decreases 
upward through the pyroclastic-flow deposit from 15 to 
20 percent near the base to 3 to 7 percer* at higher lev 
els. This deposit typically contains from 7 to 12 per 
cent phenocrysts.

Bedded Tuff Unit - Basal Sandstone Unit

A sharp, depositional contact above which is a 
complex, heterolithologic sequence of interbedded 
pyroclastic-flow deposits, coarse-grained fall deposits, 
and thinly bedded, porcelaneous ash-fall deposits. 
Some pyroclastic-flow deposits have poorly developed
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moderate-pink paleosols; many are brown and clay 
rich, and most contain from 13 to 25 percent phenoc- 
rysts. This contact is located at the base of the lowest 
fall deposit in the bedded tuff unit and is underlain by 
the volcaniclastic sandstone of the basal sandstone 
unit.

Basal Sandstone Unit - Prow Pass Tuff

A sharp, depositional contact above which is 
massive to laminated, immature sandstone that is very 
pale orange to moderate red, medium- to coarse 
grained, subrounded to subangular, poorly sorted, and 
lithic-rich, with accumulations of argillic pumice clasts 
and rare sedimentary structures that include load casts, 
pinch and swell structures, and flame structures. The 
basal sandstone unit may contain interbedded, 
reworked pyroclastic-flow deposits.

APPENDIX 2. UNIT DESCRIPTIONS OF 
THE CALICO HILLS FORMATION

Many of the pyroclastic units (particularly 
units 4 and 2) are difficult to distinguish macroscopi- 
cally without stratigraphic context or marker horizons. 
Each pyroclastic unit contains several pyroclastic-flow 
deposits, many separated by thin fall deposits (most 
abundant in USW G-2). Pyroclastic-flow deposits with 
similar macroscopic characteristics are grouped into 
pyroclastic units. The Calico Hills Formation 
described herein is zeolitically altered; therefore, 
colors given may not apply to areas where the forma 
tion is vitric.

Unit 5 - Non- to Partially Welded, Pumiceous 
Pyroclastic-Flow Deposit

Matrix is moderate reddish orange to moderate 
orange pink to grayish pink (10R6/6, 10R7/4, 
10R8/2). Pumice clasts compose 20 to 30 percent, are 
yellowish gray, grayish yellow, pinkish gray, and very 
pale orange (5Y8/1.5Y8/4, 5YR8/1, 10YR8/2). Pum 
ice clasts have a bimodal size distribution; one size 
class is about 2 to 12 mm and the other is about 20 to 
60 mm. Some of the larger pumice clasts are slightly 
flattened, with visually estimated flattening ratios of 
3:1. Devitrified volcanic lithic clasts (2 to 5 percent) 
are grayish brown, medium gray, and grayish black 
(5YR3/2, N5, N2), and mostly less than 10 mm. Phe- 
nocrysts (1 to 3 percent) include sanidine, plagioclase, 
quartz, and biotite. The base of the unit is marked by a 
sequence of thinly bedded, fine-grained (less than

2 mm) fall deposits. Distinguishing characteristics: 
(1) pumiceous; (2) large, slightly flattened pumice 
clasts; (3) bimodal distribution of pumice clast size?.

Unit 4 - Nonwelded, Pumiceous Pyroclastic- 
Flow Deposit

Matrix is very pale orange to grayish-orange 
pink (10YR8/2, 10R8/2) and grayish pink to moderate 
orange pink (5R8/2, 10R7/4). Top of the unit is light 
gray (N7) in UE-25 UZ #16. Pumice clasts constitute 
10 to 30 percent of the unit and are primarily yellow1 sh 
gray, light greenish gray, very pale orange, and rarely 
grayish pink, light brown or white (5Y8/1, 5GY8/1, 
10YR8/2, 5R8/2, 5YR6/4, N9). Pumice clasts are 
dominantly 15 to 30 mm in diameter. Lithic clasts 
compose 1 to 5 percent and include distinctive moder 
ate reddish-orange (10R6/6), porphyritic, pumiceous 
tuff clasts (approximately 10 to 30 percent of the total 
lithic content). Other lithic clasts include devitrifiel 
volcanic rocks that are moderate brown, dark reddish 
brown, and medium light gray (5YR3/4,10R3/4, N6). 
Most lithic clasts are less than 5 mm, however, larg^ 
lithic clasts (20 to 70 mm) are scattered throughout the 
unit. An accumulation of large lithic clasts (up to 
70 mm) is present near the base of the unit in borehole 
UE-25 UZ #16, and in the middle of the unit in bore 
hole USW G-2. Phenocrysts (1 to 2 percent) include 
feldspar, quartz, and biotite. The base of the unit is 
marked by a heterolithologic sequence of thinly bedded 
fallouts, reworked pyroclastic-flow deposits, and tuf- 
faceous sandstone. Distinguishing characteristics:
(1) relatively low content of lithic clasts that occur as 
isolated clasts or as accumulations of several clasts:
(2) abundant clasts of moderate reddish-orange tuff. 
Lithic-poor sections of this unit that have a grayish- 
pink to moderate orange-pink matrix appear similar to 
unit 2.

Unit 3 - Nonwelded, Lithic-Rich Pyroclastic- 
Flow Deposit

Matrix at the top of the unit is grayish orange or 
very pale orange to moderate orange pink (10YR7/4, 
10YR8/2, 10R7/4) with spots of grayish-orange pirk 
(10R8/2); matrix at the base of the unit is grayish 
yellow to pinkish gray (5Y8/4,5YR8/1). Lithic clasts 
constitute from 10 to 30 percent in an interval near the 
base and in several intervals within the unit, but are 
typically 5 to 10 percent elsewhere. An accumulation 
of large lithic clasts (30 to 50 percent, up to 70 mm) is 
present at the top of the unit in borehole UE-25 UZ f\6
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and in the middle of the unit in UE-25a #1. Lithic 
clasts include blackish red, dark reddish brown, grayish 
brown or light gray (5R2/2,10R3/4, 5YR3/2, N7) 
devitrified volcanic rocks that are locally banded; black 
(Nl) obsidian; and rare, moderate reddish-orange 
(10R6/6), pumiceous tuff. Obsidian clasts, which are 
abundant in USW GU-3 and USW UZ-14, are absent 
(or completely altered) in other boreholes. Pumice 
clasts typically compose from 10 to 25 percent of the 
unit, but compose up to 30 to 40 percent in the top of 
the unit in USW G-2. Pumice clasts are white, yellow 
ish gray and very pale orange (N9, 5Y8/1, 10YR8/2), 
or rarely grayish pink (5R8/2). Phenocrysts (1 to 6 per 
cent) include quartz, sanidine, plagioclase, and biotite 
(locally oxidized). The base of the unit is marked by a 
distinctive lithic-rich fall deposit with 30 to 40 percent 
clasts of devitrified volcanic rocks that are blackish red 
(5R2/2) or grayish black (N2). This fallout is a marker 
horizon observed in core from all boreholes (except 
USW GU-3). In USW GU-3, where it is brown and 
clay-rich, unit 3 may be a distal reworked sedimentary 
facies. The presence of obsidian lithic clasts is used to 
tentatively correlate strata above the bedded tuff unit in 
USW GU-3 with unit 3. Distinguishing characteristics:
(1) lithic-rich fall deposit at the base of the unit;
(2) abundant lithic clasts in the pyroclastic-flow 
deposit.

Unit 2 - Nonwelded, Pumiceous Pyroclastic- 
Flow Deposit

Matrix is moderate pink or moderate orange pink 
(5R7/4,10R7/4), with a zone in the upper part of the 
unit that is grayish pink or grayish-orange pink (5R8/2, 
5YR7/2) with spots of pale red purple (5RP6/2). Pum 
ice clasts compose from 20 to 40 percent of the rock 
and are very pale orange, pale yellowish orange, white, 
and grayish pink or grayish yellow (10YR8/2, 
10YR8/6, N9, 5R8/2, 5Y8/4). Most pumice clasts are 
less than 20 mm in diameter. Lithic clasts constitute 
from 1 to 3 percent, increasing to 3 to 5 percent down 
ward in some boreholes. Lithic clasts include blackish- 
red (5R2/2) or moderate brown (5YR3/4) devitrified 
volcanic rocks, and rare, moderate reddish-orange 
(10R6/6), clasts of pumiceous tuff. Thin fall deposits 
are common in the middle of the unit. Phenocrysts 
(1 to 6 percent) include sanidine, plagioclase, quartz, 
and biotite. The base of the unit is marked by a thin 
sequence of interbedded pumice-fall deposits and por- 
celaneous ash-fall deposits. Distinguishing character 
istics: (1) pumice rich; (2) distinctive moderate pink or 
moderate orange-pink matrix; (3) very pale orange or 
white pumice clasts.

Unit 1 - Nonwelded Lithic-Rich Pyoclastic- 
Flow Deposit

Matrix is grayish-orange pink, pinkish gray, light 
greenish gray or rarely moderate orange pink (5 YR8/1, 
10R8/2, 5GY8/1, 10R7/4). Devitrified volcanic lithic 
clasts (3 to 7 percent at top increasing to 15 to 20 per 
cent at base) are grayish red or moderate brown 
(5R4/2,5YR3/4) and rarely porphyritic, and light gray 
or grayish pink (N7,5R8/2), and aphyric. Lithic clasts, 
which are mostly less than 15 mm, increase in size in 
the lower part of the unit (up to 50 to 60 mm in 
USW G-1), then decrease in size near the base. Pumice 
clasts (10 to 15 percent, rarely to 20 percent) are white 
to pale greenish yellow (N9, 10Y8/2). Phenocrysts 
(7 to 12 percent) include quartz, feldspa" and biotite. 
Distinguishing characteristics: (1) lithic-rich with 
increasing lithic content near the base of the unit; 
(2) light colored matrix; (3) phenocryst content is 
lower than pyroclastic-flow deposits in the subjacent 
bedded tuff unit, but is higher than supe*jacent pyro- 
clastic units.

Bedded Tuff Unit

A complex heterolithologic package of interbed 
ded pyroclastic-flow deposits (many reworked), 
coarse-grained fall deposits, and thinly bedded, por- 
celaneous ash-fall deposits. Pyroclastic-flow deposits 
are five- to ten-feet thick (thicker in USW G-2) and 
locally have poorly developed paleosols. Some depos 
its are brown and clay-rich suggesting they are 
reworked. Phenocryst content in pyrochstic-flow 
deposits can be as high as 25 percent, and includes feld 
spar, quartz, and biotite. Pyroclastic-fiVv deposits are 
thicker to the north, up to 116.1 feet in USW G-2. Dis 
tinguishing characteristics: (1) abundarce of fall 
deposits; (2) high phenocryst content of the pyroclas 
tic-flow deposits; (3) reworked appeararce of many of 
the pyroclastic-flow deposits; (4) thin, porcelaneous 
ash-fall deposits.

Basal Sandstone Unit

Massive to laminated, immature sandstone, very 
pale orange, moderate red or moderate p;nk (10YR8/2, 
5R5/4,5R7/4), medium- to coarse grained, subrounded 
to subangular, poorly sorted, lithic-rich, with accumu 
lations of argillic pumice clasts that are 2 to 4 mm in 
diameter. Rare sedimentary structures (for example at 
1754.5 ft in USW G-4) include load casts, pinch-and- 
swell structures, and flame structures that indicate post-
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deposition water expulsion. Rare, interbedded pyro- 
clastic-flow deposits are moderate red to moderate pink 
(5R5/6, 5R7/4), clay-rich, and reworked. Distinguish 
ing characteristics: Immature volcaniclastic sandstone 
lithology.

APPENDIX 3. DESCRIPTIONS OF PROW 
PASS TUFF LITHOSTRATIGRAPHIC 
CONTACTS

corroded pumice fragments above the contact that 
imparts a "spongy" appearance to the rock. Contacts 
between all other subunits are based on the average 
shape of pumice clasts in the range of 10 to 30 mm 
diameter. Non- to partially welded subunits have pum 
ice clasts that are non- to slightly deformed (average 
flattening ratios are typically 2.0 to 4.0), whereas mod 
erately welded subunits have variably deformed pum 
ice fragments (average flattening ratios are typically 
from 4.0 to 6.5).

Calico Hills Formation - Prow Pass Tuff

A sharp, locally irregular, depositional contact. 
Red or light gray, immature volcaniclastic sandstone of 
the Calico Hills Formation overlies poorly-sorted, 
pyroxene-bearing, grayish-orange pink ash of Prow 
Pass Tuff unit 4. A pumice-rich fallout overlies Prow 
Pass Tuff unit 4 in borehole UE-25 UZ #16.

Unit 4

Upper subunit - Middle subunit. A gradational 
(typically over less than 1 ft) contact based on the 
abrupt downward increase of pumice clasts from 3 to 
10 percent above the contact to 10 to 20 percent below.

Middle subunit - Lower subunit. A gradational 
(typically over less than 0.3 ft) contact based on the 
abrupt downward increase in the sizes of pumice clasts 
from 3 to 12 mm above the contact to 10 to 40 mm 
below the contact.

Unit 4 - Unit 3

A generally sharp contact that separates an over 
lying pumiceous pyroclastic-flow deposit from a zone 
of strongly altered and vapor-phase crystallized tuff. 
Pseudomorphic pyroxene occurs only in the matrix of 
the underlying tuff but is present in both the matrix and 
pumice clasts of the overlying subunit. Alteration has 
obscured probable depositional relationships, but the 
upper part of subunit 3 appears locally as a fine-grained 
ash(USWG-l).

Unit 3

All contacts between subunits are gradational 
(typically over less than 1 ft). The contact between the 
strongly vapor-phase altered subunit and upper non- to 
partially welded subunit is marked by the presence of

Unit 3 - Unit 2

A depositional contact at which a locally pre 
served, thin (1 to 10 mm) fall horizon separates an 
overlying lithic-poor (1 to 3 percent lithic clasts) from 
an underlying lithic-rich (3 to 5 percent lithic clasts) 
pyroclastic-flow deposit. The moderate red (5R4/4) 
fallout varies from pumice- and crystal-rich (crystalr of 
plagioclase, sanidine, quartz, biotite, and pseudomor- 
phic pyroxene) to predominantly ash. Where the fr 1 !- 
out is absent, the contact is defined by the abrupt 
increase in lithic clast content.

Unit 2 - Unit 1

A depositional contact marked by a dusky red 
(5R3/2) to moderate orange-pink (5YR8/4) fallout. 
The locally preserved fall deposit, which varies from 
1 to 20 mm in thickness, contains very pale orange 
(10YR8/2) pumice clasts, siltstone lithic clasts, and 
crystals of plagioclase, sanidine, quartz, and biotite. It 
separates a pyroclastic-flow deposit with moderately 
sized pumice clasts (10 to 20 mm diameter) and abun 
dant (3 to 5 percent) lithic clasts above from a 
pyroclastic-flow deposit with larger pumice clasts 
(10 to 40 mm) and fewer lithic clasts (1 to 3 percen*) 
below. Where the fallout is absent, the contact is 
defined by the abrupt change in lithic content and prm- 
ice size.

Unitl

Upper subunit - Middle subunit. A locally pre 
served depositional contact marked by a thin (1 to 
2 mm) ash parting. The parting separates an overlying 
lithic-poor (1 to 3 percent) pyroclastic-flow deposit 
from an underlying lithic-rich (3 to 5 percent) pyroclas 
tic-flow deposit. Where the fallout is absent, the con 
tact is marked by the abrupt change in lithic conten*
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that may be accompanied by an increase in pumice 
size.

Middle subunit - Lower subunit. This deposi- 
tional contact is marked by a locally preserved, thin 
(2 mm), ash-fall deposit that separates an overlying 
lithic-rich (3 to 5 percent) pyroclastic-flow deposit 
from an underlying lithic-poor (1 to 3 percent) pyro 
clastic-flow deposit. Where the fallout is absent, the 
contact is marked by the abrupt change in lithic con 
tent.

Unit 1 - Bedded Tuff

A sharp, depositional contact that separates over 
lying an pyroclastic-flow deposit from an underlying 
deposit of laminated ash.

Bedded Tuff

Laminated ash - Reworked tuffaceous deposits. 
A sharp, depositional contact in which thinly laminated 
ash overlies either pumiceous tuffs (reworked fallout 
deposits?) or the Bullfrog Tuff.

Bedded Tuff - Bullfrog Tuff

A sharp, depositional contact that separates an 
underlying pyroclastic-flow deposit from a variety of 
overlying deposits that locally include a mono- or 
heterolithologic breccia, reworked(?) pumiceous tuffs, 
reworked(?) pyroclastic-flow deposits, or laminated 
ash. Contacts between these deposits may be deposi 
tional (base of upper pyroclastic-flow deposit; top of 
basal breccia) or gradational over less than 0.3 feet 
(all other contacts). The Bullfrog Tuff at the contact 
varies from nonwelded to moderately welded and is 
recognized by increases in the amounts of biotite and 
quartz.

APPENDIX 4. UNIT DESCRIPTIONS OF 
THE PROW PASS TUFF

The Prow Pass Tuff comprises four pyroclastic 
units that overlie a variable sequence of bedded tuffs. 
Distinguishing characteristics of this formation include 
the presence of orthopyroxene pseudomorphs (Broxton 
and others, 1989) and the abundance of siltstone lithic 
clasts (Spengler and others, 1981). Unit contacts are 
defined by locally preserved ash-fall horizons and 
abrupt changes in the sizes and amounts of pumice and 
lithic clasts. Variations in the abundance of lithic clasts

or the degree of welding are used to further subdivide 
the units. Subunits may vary in thickness and may be 
difficult to distinguish where stratigrapHc context is 
lacking. Subunits are described below in descending 
stratigraphic position.

Unit 4 - Pyroxene-Rich Pyroclastic Deposits

This nonwelded unit is composed of three irreg 
ularly distributed subunits that are separated by grada 
tional contacts. Subunits are distinguished by changes 
in the average diameter and percentage of pumice 
clasts which increase stratigraphically downward. The 
upper subunit is a massive, ash-rich bed that may be a 
pyroclastic-flow deposit (locally reworked) as indi 
cated by the degree of sorting of the matrix, although 
its origin is unclear. The middle subunit is a pyroclas 
tic-flow deposit, possibly reworked, tha* locally com 
prises four flow units. The lower subum't is a 
pyroclastic-flow deposit that locally comprises two 
flow units.

The pyroxene-rich unit is distinguished by com 
paratively abundant pseudomorphic pyroxene in pum 
ice clasts and the rock matrix and by a comparatively 
low ratio of felsic to mafic phenocryst minerals. Dis 
tinctive pumice clasts with large (up to 3 mm) plagio- 
clase crystals characterize the lower submit. 
Phenocrysts include abundant sanidine, plagioclase, 
quartz, subordinate partially oxidized biotite, pseudo 
morphic pyroxene, and Fe-Ti oxides, ard rare horn 
blende. Lithic clasts in unit 4 are predominantly 
siltstone or mudstone in various shades of moderate 
reddish-brown (10R4/6) and grayish-rec" (10R3/2), and 
subordinate volcanic lithologies that include light 
brown (5YR6/3) porphyritic lava, grayish-red (5R4/2) 
lava, and grayish-black (N2) lava(?).

Upper subunit. The devitrified ard altered 
matrix grades upward from grayish-orange pink 
(5YR8/2) to a mottled mix of pinkish gray (5YR8/1, 
5YR8/2) and light olive gray (5Y7/2) tc grayish- 
orange pink (10R8/2) to moderate orange pink 
(10R7/4). Argillic alteration, especially prominent in 
the upper 2 to 3 feet, has destroyed shard textures. 
Pumice clasts, which compose from 3 to 10 percent of 
the rock, are white (N9), where altered to fine-grained 
vapor-phase minerals or grayish-orange pink 
(10R8/2), where argillically altered, and typically 
smaller than 5 mm (but locally up to 15 mm). Phenoc 
rysts decrease upward from 5 to 7 percent near the base 
of the subunit to 2 to 4 percent near the upper contact. 
Pyroxene pseudomorphs are common throughout 
except in strongly altered zones. Lithic clasts consti 
tute from 1 to 2 percent of the subunit ard are typically
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smaller than 5 mm, but vary up to 10 mm (rarely to 
25 mm).

Middle subunit. The matrix is light gray (N7), 
very pale orange (10YR8/2, 10YR8/1), or grayish- 
orange pink (5YR7/2), and devitrified with variably 
preserved shard textures. In borehole USW GU-3, the 
pale orange-brown (10YR7/2) ashy matrix is vitric 
with sparse colorless shards. Pumice clasts are nonde- 
formed to slightly deformed, and white (N9) where 
devitrified, grayish orange (10YR7/3) where vitric, and 
brownish-orange pink (5YR7/4) to very pale orange 
(10YR8/2), or pale red (5R7/2) to moderate red 
(5R5/4) where argillically altered. They constitute 
from 10 to 20 percent of the rock (locally 3 to 5 per 
cent) and are commonly from 3 to 12 mm in diameter. 
Some pumice clasts contain from 3 to 10 percent phe- 
nocrysts of plagioclase (up to 3 mm), sanidine, quartz, 
biotite, and pyroxene pseudomorphs. Phenocrysts 
compose from 10 to 15 percent of the rock; lithic clasts 
constitute approximately 1 percent of the rock (locally 
2 to 3 percent) and are from 1 to 5 mm in diameter 
(but up to 15 mm).

Lower subunit. The matrix is light gray (N7) to 
white (N9), pale orange-brown (10YR7/2), light 
brownish gray (5YR6/1), pinkish gray (10YR8/1), or 
grayish pink (10R7/1), devitrified, and altered. Where 
vitric, the ash-rich matrix is friable and very pale 
orange (10YR8/2), with sparse colorless glass shards. 
Pumice clasts compose from 15 to 25 percent of the 
rock, are nondeformed to slightly deformed, typically 
from 10 to 40 mm in diameter (but up to 60 mm), and 
contain from 5 to 10 percent phenocrysts of plagioclase 
(up to 3 mm), sanidine, quartz, biotite, and pyroxene 
pseudomorphs. Devitrified pumice clasts are very pale 
orange (10YR8/2), white (N9), or pinkish gray 
(10YR8/1), argillically altered pumice clasts are gray 
ish-orange pink (5YR7/3 to 5YR8/2), and vitric pum 
ice clasts are grayish orange (10YR7/4). Sparse 
biotite-rich pumice clasts are grayish-orange pink 
(5YR7/2). Phenocrysts constitute from 10 to 12 per 
cent of the rock; lithic clasts compose from 1 to 2 per 
cent and are typically from 1 to 5 mm in diameter (but 
up to 10 mm and rarely 25 mm).

Unit 3 - Welded Pyroclastic-Flow Deposit

This unit comprises six subunits separated by 
gradational contacts defined by variations in the degree 
of welding or features of secondary crystallization. It 
is a compound cooling unit that has two zones of mod 
erate welding discerned by variations in the flattening 
of pumice clasts between 10 and 30 mm in long dimen 
sion. Clasts larger than 30 mm may not be deformed in

the upper cooling zone, which is thinner and generally 
less dense than the lower cooling zone. Secondary 
crystallization and alteration obscures variations in 
matrix density created by the welding process. A thin 
zone of intense vapor-phase alteration, within which 
pumice clasts are strongly corroded, marks the top cf 
unit 3. Coarse-grained vapor-phase crystallization cf 
pumice clasts in the lower moderately welded suburit 
in some boreholes suggests that a second zone of 
vapor-phase crystallization products is associated with 
the lower cooling unit. Although a distinct lithologf c 
discontinuity has not been identified between the cool 
ing zones (a possible bedding break occurs in borehcte 
USW G-4), the unit comprises multiple flow units a* 
indicated by interbedded ash-fall horizons and varia 
tions in the abundance and size of pumice and lithic 
clasts.

The distinguishing characteristics of this unit are 
a light gray to light red color, 10 to 20 percent pumice 
clasts, 7 to 12 percent phenocrysts, and 1 to 4 percent 
lithic clasts. Pumice clasts generally lack phenocrys*s; 
however, they may contain feldspar, quartz, or biotite 
phenocrysts. Distinctive biotite-rich pumice clasts, 
which are a few percent of the pumice population, are 
pale grayish red (10R5/2), pale red (10R6/2), or gray 
ish-orange pink (5YR8/2). Phenocrysts within the ro~.k 
matrix are predominantly quartz, plagioclase, and sani 
dine in subequal amounts, subordinate biotite and iron- 
titanium oxides, and sparse to rare pyroxene pseudo 
morphs and hornblende. Lithic clasts are predomi 
nantly siltstone or mudstone in various shades of 
grayish brown (5YR3/2), moderate brown (5YR4/3, 
5YR4/4), moderate to pale reddish brown (10R4/4, 
10R4/6,10R5/4), dusky grayish red (5R4/3), or grayish 
red (1OR4/2). Subordinate volcanic lithologies include 
pale red (10R6/2) to grayish-red (10R4/2) porphyrit: c 
lava, pale brown (5YR6/2) to light brownish-gray 
(5YR6/1) felsic lava, reddish-orange brown (10R5/0 
lava, medium gray (N5) to grayish-orange pink 
(5YR7/2) biotite-rich porphyry, grayish-black (N2) to 
brownish-black (5YR2/1) lava(?), and rare, grayish- 
orange pink (10YR8/4, 10YR7/4, 10YR8/3) biotite- 
and feldspar-bearing tuff.

Strongly vapor-phase altered subunit. The 
matrix is pale brown (5YR5/2), light olive gray 
(5Y6/1), light to medium light gray (N8 to N6), devit 
rified, and strongly altered by vapor-phase fluids thrt 
have destroyed shard textures. Pumice clasts, which 
are devitrified, replaced by vapor-phase minerals, and 
strongly altered and corroded, are pale yellowish 
brown (10YR6/2), medium- to light gray (N6 to N8), or 
white (N9). They constitute from 10 to 15 percent of 
the rock, are nondeformed, and generally have a lorg 
dimension less than 15 mm (but are locally larger).
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Phenocrysts compose from 7 to 10 percent of the unit. 
Lithic clasts, typically smaller than 5 mm in diameter 
but as large as 10 mm, constitute from 1 to 3 percent of 
the rock.

Upper non- to partially welded subunit. The 
matrix is white- to light gray (N9 to N7), pinkish gray 
(7.5YR8/1), light brownish gray (5YR7/1), or very 
pale orange (10YR8/2), altered to fine-grained vapor- 
phase minerals, and devitrified. Shard textures are 
absent. Pumice clasts, which are devitrified and altered 
to vapor-phase minerals, are light brownish gray 
(5YR6/1), grayish-orange pink (5YR7/2), pale red 
(10R6/2), or medium-light gray (N6). They compose 
from 10 to 15 percent of the rock, are nondeformed, 
and generally have a long dimension less than 15 mm 
(but may be up to 35 mm). Phenocrysts constitute from 
7 to 10 percent of the unit (locally 5 to 7 percent). 
Lithic clasts, typically smaller than 5 mm in diameter 
but as large as 20 mm, compose from 1 to 2 percent of 
the rock.

Upper moderately welded subunit. The matrix is 
pale red (10R6/2) to grayish-red (10R4/2), light brown 
ish-gray (5YR6/1), grayish-orange pink (5YR7/2), 
pinkish-gray (7.5YR8/1), or white (N9), devitrified and 
altered to fine-grained vapor-phase minerals, but 
locally moderate red (10R5/4) where silicified. Shard 
textures typically are absent, but may be locally pre 
served in the upper part of the unit. Pumice clasts that 
are devitrified and altered to fine-grained vapor-phase 
minerals are pale red (10R6/2), grayish-orange pink 
(5YR7/2), or light brownish gray (5YR6/1). Pumice 
clasts that are spherulitically devitrified are grayish- 
orange pink (10R8/2), moderate orange pink (10R7/4) 
to moderate reddish orange (10R6/6) or pale red 
(10R6/2), or light orange pink (5YR8/2) to pinkish 
gray (5YR8/1). Variably deformed pumice clasts (flat 
tening ratios greater than 4) that compose 5 to 15 per 
cent of the unit (locally from 2 to 20 percent) typically 
are smaller than 20 mm in long dimension (but may be 
up to 45 mm). Phenocrysts constitute from 7 to 12 per 
cent of the unit (locally 5 to 7 percent). Lithic clasts, 
typically with diameters less than 5 mm but as large as 
20 mm, compose from 1 to 2 percent of the rock in the 
upper part of the unit. Lithic content locally increases 
downward to 2 to 3 percent in the lower part of the unit.

Middle non- to partially welded subunit. The 
matrix is light gray (N7) to very light gray (N8) or light 
brownish gray (5YR6/1, 5YR7/1), devitrified and 
altered to fine-grained vapor-phase minerals. Shard 
textures commonly are absent. Devitrified pumice 
clasts that are altered to fine-grained, vapor-phase min 
erals are light brownish gray (5YR6/1), pinkish gray 
(5YR8/1 to 5YR8/2), medium light gray (N6) to light 
gray (N7), or white (N9). They are nondeformed, com

pose from 10 to 20 percent of the unit, and are typically 
smaller than 15 mm in diameter (but m^y be up to 
35 mm). Phenocrysts constitute from 7 to 12 percent of 
the unit (locally 5 to 7 percent). Lithic clasts, typically 
smaller than 5 mm in diameter but as Irrge as 20 mm, 
compose from 1 to 3 percent of the rocv.

Lower moderately welded subunit. The matrix, 
which generally becomes pinker downward as welding 
increases, may be light gray (N7), very light gray (N8), 
light brownish gray to pinkish gray (5YR6/1 to 
5YR8/1), very pale orange (10YR8/2, 10YR9/1), pale 
yellowish brown (10YR6/2), medium grayish pink 
(5R7/2), pale red (10R6/2), grayish red (10R5/1), or 
pale orange pink (10R7/3, 10R8/3). It is devitrified 
with vapor-phase minerals that decrease in amount 
downward; shard textures are rarely preserved. Where 
altered, the matrix is light brown (5YR6/4), grayish- 
orange pink (10R8/2), or moderate red (5R4/4). 
Deformed pumice clasts with flattening: ratios greater 
than 4 constitute 10 to 20 percent of the rock (locally 
less), are devitrified (spherulites and axiolites occur 
locally), variably altered to fine-grained vapor-phase 
minerals or to clays, and typically smaller than 25 mm 
(but with clasts to 45 mm). Pumice clasts may be pink 
ish gray to moderate orange pink (5YRF/1 to 5YR8/4), 
light brown (5YR6/4), grayish-orange pink to light 
orange brown (5YR7/2 to 5YR7/4), very pale orange 
(10YR8/2,10YR8/1), light grayish brown (10YR7/1), 
or white (N9). Where altered to clay minerals they may 
be pale orange pink (10R7/2), and whe~e replaced by 
coarse vapor-phase minerals they are iredium dark 
gray (N4). Phenocrysts compose from 7 to 12 percent 
of the unit (locally 5 to 7 percent). Litl ic clasts, typi 
cally smaller than 5 mm in diameter but as large as 
20 to 60 mm (tending to be larger southward), consti 
tute from 1 to 4 percent of the rock. Si^stone lithic 
clasts commonly are altered near the br"*e of the unit, 
with indistinct margins enclosed by moderate orange- 
pink (10R7/4) rims and white (N9) haloes.

Lower non- to partially welded subunit. The 
matrix, which is devitrified, altered to vapor-phase 
minerals, and typically oxidized, has a color that may 
be light to very light gray (N7 to N8) o~ pale red 
(5R6/2,5R7/3). Pumice clasts are not deformed, com 
pose from 5 to 15 percent of the rock, ere devitrified 
and altered to vapor-phase minerals or opal, and typi 
cally smaller than 25 mm in diameter. Pumice colors 
are white (N9), pinkish gray (5YR8/1), or where 
altered, pale reddish brown (10R5/4). Phenocrysts 
compose from 7 to 12 percent of the urit (locally 5 to 
7 percent). Lithic clasts, typically smaller than 5 mm 
in diameter but as large as 15 mm, constitute from 1 to 
3 percent of the rock. Siltstone lithic clasts commonly 
are altered with indistinct margins enclosed by moder-
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ate orange-pink (10R7/4) or pale reddish-brown 
(10R5/4) rims and white (N9) haloes.

Unit 2 - Lithic-Rich Pyroclastic-Flow Deposit

This non- to partially welded pyroclastic-flow 
deposit comprises three macroscopically similar flow 
units. Flow unit contacts are identified by locally pre 
served ash partings or abrupt changes in the amounts 
and sizes of pumice and lithic clasts. Grain size vari 
ability in the upper part of borehole G-l suggests intra- 
flow shear, whereas the fine-grained base of the deposit 
in boreholes G-1 and G-2 may represent shearing along 
the substrate. This unit is distinguished by abundant 
lithic clasts and an equigranular texture imparted by the 
similar sizes of pumice and lithic clasts.

The devitrified and altered matrix is pale red 
(10R6/2) to grayish-orange pink (10R8/2), very pale 
orange (10YR8/2, 10YR8/1), pinkish gray (5YR8/1, 
5YR8/2), medium gray (N5) to light gray (N7), or 
moderate red (5R4/4, 5R6/4). Where zeolitized, the 
matrix is yellowish gray (5Y8/1) to light olive gray 
(5Y6/1). Non- to partially deformed pumice clasts, 
which compose from 10 to 20 percent of the unit, typi 
cally are 10 to 20 mm in diameter (locally to 40 mm), 
white (N9), very pale orange (10YR8/2, 10YR8/3), or 
grayish-orange pink (10R8/2), devitrified (axiolitic, 
spherulitic), and locally altered to vapor-phase miner 
als. Argillically altered pumice clasts are moderate 
pink (5R8/2), pale red (10R7/2), moderate orange pink 
(10R7/4), or pale yellowish orange (10YR8/6). Phe- 
nocrysts constitute from 10 to 12 percent of the rock 
(locally 7 to 10 percent) and are predominantly plagio- 
clase, sanidine, and quartz, with subordinate biotite, 
Fe-Ti oxide, and pseudomorphic pyroxene. Lithic 
clasts that compose from 3 to 7 percent of the rock are 
scattered throughout the matrix or concentrated in sub- 
vertical structures or irregular pods. Lithic clasts typi 
cally are smaller than 20 mm in diameter (locally to 
35 mm), and predominantly moderate reddish-brown 
(10R4/6) or moderate brown (5YR4/4, 5YR4.3) silt- 
stone or mudstone, with subordinate volcanic litholo- 
gies that include medium gray (N5), grayish-red 
(5R4/2), or grayish-orange pink (5YR7/2) devitrified 
lava, grayish-red (10R4/2) to pale red (10R6/2) por- 
phyritic lava, and pale orange (10YR8/2) to grayish- 
orange (10YR7/4) biotite-rich tuff.

Unit 1 - Pumiceous Pyroclastic-Flow Deposit

This non- to partially welded pyroclastic-flow 
deposit comprises three macroscopically similar units

that are discerned by their lithic clast content and 
locally separated by thin, ash partings. Local, abrupt 
changes in the sizes or abundances of lithic or pumice 
clasts within units may indicate flow unit breaks or 
intraflow shear. Lithic clasts compose from 1 to 
3 percent of the rock in the upper and lower subunitr 
but from 3 to 5 percent in the middle subunit. The 
upper and lower subunits are indistinguishable without 
stratigraphic context.

Unit 1 typically has a distinctive very pale 
orange, yellowish-brown or yellowish-gray matrix 
color, and abundant, large, light brown, orange-pink, or 
yellowish-gray pumice clasts. Phenocrysts are pre 
dominantly plagioclase, sanidine, and quartz, with sub 
ordinate biotite and Fe-Ti oxide, rare pyroxene 
pseudomorphs, and possible hornblende. Mudstone or 
siltstone and volcanic lithic clasts occur in all subunitr. 
Siltstone occurs in various shades of dusky yellowish 
brown (10YR2/2), grayish brown (5YR3/2), pale 
brown (5YR5/3), dark to pale reddish brown (10R3/4 
to 10R5/4), moderate reddish brown (10R4/6), moder 
ate red (5R4/6), grayish red (5R4/2), very dusky red 
(10R2/1), and grayish black (N2). Volcanic clasts 
include porphyritic lava in shades of grayish-red 
(5R4/2 to 10R4/2), pale reddish-brown (10R5/4), or 
dark gray (N3); devitrified lava in shades of reddish- 
orange brown (10R5/6), pale red (5R6/2), pale grayirh- 
brown (5YR4/2), grayish-orange pink (5YR7/2), light 
brownish-gray (5YR6/1), pale yellowish-brown 
(10YR6/2), and medium light gray (N6); pale yellov- 
ish-brown (10YR6/2), light brown (5YR5/6), or gray 
ish-orange pink (10R8/3) tuff; and, in the middle 
subunit in borehole USW G-2, grayish-black to 
medium dark gray (N2 to N4) scoriaceous glass.

Upper subunit. The matrix is devitrified and 
where altered or zeolitized, may appear very pale 
orange (10YR8/2), pale yellowish brown (10YR6/2), 
yellowish brown (10YR6/3), grayish orange 
(10YR7/4), pinkish gray (5YR8/1), grayish-orange 
pink (5YR7/2), yellowish gray (5Y8/1, 5Y7/2), ligh* 
olive gray (5Y6/1), pale olive (10Y6/2), moderate 
greenish yellow (10Y7/4), grayish-yellow green 
(5GY7/2), or moderate yellow green (5GY8/3). Where 
locally silicified, the matrix is dense, and dark yellow 
ish brown (10YR4/4) to moderate olive brown 
(2.5Y4/4) with sparse colorless glass shards. Where 
vitric or vapor-phase altered, the matrix is very light 
gray (N8) to pinkish gray (5YR8/1), and contains cc1 - 
orless glass shards. Pumice clasts compose from 15 to 
20 percent of the unit, typically have diameters of 10 to 
40 mm (but with clasts to 65 mm), and are nonde- 
formed to slightly deformed. Pumice clasts that are 
altered or zeolitized may appear moderate orange-pink 
to light brown (5YR8/4 to 5YR6/4), very pale orange
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(10YR8/1, 10YR8/2) grayish orange to moderate yel 
lowish brown (10YR7/4 to 10YR5/4), pale yellowish 
orange (10YR8/6), yellowish gray to grayish yellow 
(5Y8/1 to 5Y8/4), light greenish gray (5GY8/1), gray 
ish-yellow green (5GY7/2), moderate yellow green 
(5GY7/4), or pale green (5G7/2). Nondeformed vitric 
pumice clasts are white (N9), very pale orange 
(10YR8/2), or grayish-orange (10YR7/3); deformed 
vitric pumice clasts are medium gray (N5). Phenoc- 
rysts constitute from 7 to 10 percent of the rock. Lithic 
clasts are typically smaller than 10 mm (but up to 
20 mm), predominantly mudstone or siltstone with 
subordinate volcanic lithologies, compose from 1 to 3 
percent of the rock.

Middle subunit. The matrix is devitrified and 
altered to zeolites or clay, with locally preserved shard 
textures and silicified horizons. Matrix color may be 
grayish pink (5R8/2), grayish-orange pink (5YR7/2), 
moderate orange pink (10R7/4,5YR8/4), moderate red 
(5R5/4), very pale orange (10YR8/1, 7.5YR8/2), yel 
lowish gray (5Y8/1, 5Y8/2), moderate greenish yellow 
(10Y7/4), greenish gray to moderate yellow green 
(5GY7/1 to 5GY7/3), or light olive (10Y4/4). Devitri 
fied and altered pumice clasts compose from 
15 to 25 percent of the rock, are nondeformed to 
slightly deformed, and typically 5 to 30 mm in diame 
ter (but occasionally greater than 60 mm). Pumice col 
ors include grayish yellow (5Y8/4), pale to moderate 
greenish yellow (10Y8/2 to 10Y7/4), grayish-yellow 
green (5GY8/2), very pale orange to grayish orange 
(10YR8/2 to 10YR7/4), grayish pink (5R8/2), and 
white (N9). Phenocrysts constitute from 7 to 12 per 
cent of the rock (locally 5 to 7 percent). Lithic clasts 
are commonly 1 to 10 mm in diameter (but up to 
25 mm, and rarely 65 mm), and typically compose 
from 3 to 5 percent of the rock (locally up to 7 percent). 
Siltstone and volcanic lithologies occur in subequal 
amounts.

Lower subunit. The very pale orange (1OYR8/2) 
matrix is devitrified, altered, and lacking shard texture. 
Pumice clasts have diameters from 5 to 25 mm (but up 
to 45 mm), compose from 10 to 15 percent of the rock, 
and are devitrified and altered. Pumice colors include 
white (N9), very pale orange (10YR8/2, 10YR8/3), 
light orange brown (5YR7/4), and pale yellowish gray 
to pale greenish yellow (5Y8/2 to 10Y8/2). Phenoc 
rysts constitute 7 to 10 percent of the subunit. Lithic 
clasts, typically from 1 to 5 mm in size (locally to 
12 mm), and compose 1 to 3 percent of the rock. Silt- 
stone slightly predominates volcanic lithologies.

Bedded Tuff

Laminated ash. This finely laminated deposit is 
a very fine-grained sandy ash that locally contains hints 
of low-angle crossbedding and that has a color that may 
be very pale orange (10YR8/2), grayish-orange pink 
(7.5YR7/2), or medium- to light gray (N6 to N8). 
Small, altered pumice clasts (1 to 4 mm diameter) that 
are locally interbedded with the ash hav3; a grayish- 
yellow color (5Y8/3). Crystals, predominantly plagio- 
clase, sanidine, and quartz, with trace amounts of 
biotite, constitute from 2 to 3 percent of the rock. Den- 
drites of MnO are common on fractured surfaces.

Reworkedf?') tuffs. This subunit is a group of 
one to five locally preserved, nonwelded, and variably 
altered deposits. They are described in descending 
stratigraphic order. Upper pumiceous tuff: A 
reworked, poorly sorted, altered fall deposit. The 
matrix typically is moderate red (5R5/4), moderate 
orange pink (10R7/4), or medium gray (N5). Pumice 
clasts, which compose from 20 to 70 percent of the 
deposit, are very pale orange (10YR8/2 to 10YR8/1), 
grayish yellow (5Y8/4), or moderate greenish yellow 
(10Y7/4), and have diameters smaller th^n 7 mm. Phe 
nocrysts of sanidine, plagioclase, quartz, and subordi 
nate biotite and Fe-Ti oxide constitute 5 to 10 percent. 
Lithic clasts, primarily devitrified rhyolite and possible 
siltstone, compose from 5 to 15 percent, and have 
diameters smaller than 3 mm. Upper pyroclastic-flow 
deposit: Nonwelded, altered and moderate red 
(5R5/4), pale red (5R6/2), grayish brown (5YR7/3), 
moderate orange pink (10R7/4), medium gray (N5), or 
very pale orange (10YR8/1). Pumice clasts compose 
10 to 20 percent, are smaller than 10 mm, and very pale 
orange (10YR8/2), orange pink (10R8/4), grayish- 
orange pink (10R8/2), or white (N9). Pv^nocrysts of 
sanidine, plagioclase, quartz and subordinate biotite, 
pyroxene pseudomorphs, and Fe-Ti oxide, and rare 
hornblende constitute 5 to 7 percent. Lithic clasts, pri 
marily devitrified volcanic rocks, with rre siltstone 
and biotite-rich tuff, compose from 3 to 5 percent 
(locally to 10 percent), and are smaller than 10 mm 
(typically smaller than 3 mm). Lower pjToclastic-flow 
deposit: Nonwelded, altered, and very pale orange 
(10YR8/1) to yellowish gray (5Y8/1). Pumice clasts 
compose 10 percent, are smaller than 1C mm and light 
greenish gray (5GY8/1) to pale greenish yellow 
(10Y8/2). Phenocrysts of sanidine, plagioclase, quartz, 
and biotite with subordinate Fe-Ti oxide, constitute 7 to 
10 percent. Lithic clasts, predominantly devitrified 
volcanic rocks with subordinate siltstone are smaller 
than 7 mm, compose from 10 to 15 percent, and form 
several normally graded zones. Lower p< imiceous tuff: 
A reworked, poorly sorted, altered fall deposit. The
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matrix typically is moderate orange pink (10R7/4). 
Pumice clasts compose from 25 to 80 percent, are 
smaller than 10 mm, and very light gray (N8), very pale 
orange (10YR8/2), yellowish gray (5Y8/1), and rarely 
light olive (10Y5/4). Phenocrysts of sanidine, plagio- 
clase, quartz, and biotite with subordinate Fe-Ti oxide, 
constitute 5 to 7 percent. Lithic clasts, predominantly 
devitrified volcanic rocks with rare siltstone, are 
smaller than 7 mm, and compose from 3 to 5 percent. 
Basal breccia: A clast-supported deposit of angular 
fragments of Bullfrog Tuff and, locally, grayish-red 
(5R4/2) porphyritic lava, medium gray (N5) lava, and 
grayish-orange (10YR7/4), biotite-rich tuff with diam 
eters that vary from 5 to greater than 50 mm. A mod 
erate red (5R5/4) sandy matrix fills spaces between 
clasts.
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